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ARTICLE INFO ABSTRACT

Keywords: The coexistence of agricultural land and solar photovoltaics (PV) can be named Agriphotovoltaics (APV). APV
Agrivoltaics concept was developed two decades ago however its actual implementation is happening nowadays. APV directly
PV

solves SDGs 7, and 11 by generating benevolent renewable energy without damaging the land and keep pro-

:glr_;;l\l]lmre ducing food for people. In this work, a comprehensive review of the APV system is documented. Currently
AlgDV available software tools, field experiment results, and PV for APV are described in this work which identified that

Sustainable development goal (SDG) for forecasting APV, a more robust tool is required. Vertically placed Bifacial PV, transparent, and semi-

UN transparent tilted PVs can be suitable for shade-intolerant crops whereas opaque PVs are appropriate for shade-
tolerant crops. The knowledge gap between various stakeholders such as solar PV researchers, agricultural re-
searchers, and land users needs to be more rigorous. Economic and policymakers should share dialogue to
improve the growth of APV which not only solves SDG 7, and 11 but also meets the target for SDG 5, 8, 9,12, and
15.

industrial levels during this century (United Nations Framework
Convention on Climate Change; UNFCCC, 2015). The inclusion of
renewable energy by replacing traditional sources can be a solution for
the above target. However, the key drawback of renewable energy
According to United Nations 2021 reports, globally over 1 billion systems is that they occupy significant land and globally majority of the

1. Introduction

people are without electricity whereas 0.8 billion people are still land is used for food production. According to the SDG 15 report, for
suffering from. starvation & mal‘m’ltrltlof" On th? f)ther hand, ‘92 % living, 2.8 billion people directly depend on agriculture, which neces-
global population will have electricity while 670 million people will still sitates a substantial amount of land. In terms of land coverage by the
have no access to electricity by 2030. The lack of electricity (energy) various renewable resources, Biomass occupies the maximum land,
impedes any kind of development particularly the economy and health while wind takes less than solar [44]. Among the various renewable
of humans. The%‘e%fore, security from food and energy must be ensured' to energy sources solar energy can take the leading role as they need only
tackle the conditions created due to the growth of the world population the sun which is free, abundant, and green. If we consider the area of the

and climate change. Food security and energy are probably the two earth’s surface which is A — 47R2 (R — 6400, 000 m), the peak solar
essential welfare commodities for human beings globally. Thus, a sus-

tainable development goal (SDG) is currently in place to demolish these
social issues. United Nations sustainable development goals (SDG) are in
place e.g. SDGs 2 (zero hunger), 7 (affordable and clean energy), and 13
(climate action) are devoted to tackling these challenges.

According to the Consultative Group on International Agricultural
Research (CGIAR), agriculture and food chain sectors consume close to
30 % of global energy, which also contributes 19-29 % of GHG emis-
sions annually [70]. The reason for this high emission is due to the use of
traditional fuel, which has a significant impact on the environment. In
2015, at the Conference of Parties 21, 195 nations agreed to limit the
increment of global temperature to less than 2 degrees above the pre-

radiation incident on unit area (P) = 1300 W/m?>. At any given time if
the ! of the earth is illuminated, with % of the peak illumination, this
will yield of (total = ‘%) ~ 167,358 terawatts [177]. According to the
National Renewable Energy Laboratory (NERL), the actual number is
approximately 173,000 terawatts. This amount of power can meet the
global energy demand effortlessly. Thus, the exploitation of solar energy
by photovoltaic (PV) systems is championed as they work under the sun
and can easily be placed near the demand. Also during operation, it has
low noise and no deadly impact on birds, which is very common in wind
generation [56,129]. In 2021, solar PV generation crossed the 1000 TWh
threshold which was a 22 % increase compared to 2020. Presently, solar
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Nomenclature

AgriPV  AgriPhotovoltaics
APV Agrivoltaics

bPV Bifacial Photovoltaic

BIPV Building Integrated Photovoltaic
CAGR  Compound Annual Growth Rate
DSSC Dye-Sensitized Solar Cell

EV Electric Vehicle

LCOE Levelized Cost of Energy

PAR Photosynthetically Active Radiation
SDG Sustainable Development Goal
VIPV Vehicle Integrated Photovoltaic
WPV Water based Photovoltaic

PV is accounting for 60 % of expansion compared to other renewables
[78].

For renewable power generation from PV, the most common inte-
gration type is ground-mounted PV. However, because of the significant
use of land for PV installation, various other options are also in phase
such as building integration [59,64], water-based PV (WPV) [57], and
vehicle-integrated PV (VIPV) [153,37]. However, one of the other op-
tions is agriphotovoltaics (APV). This is a combination of agriculture and
photovoltaics. The concept behind it is to install PV using the land for
agriculture. Integration of PV systems with agriculture production could
be one of the sustainable approaches by employing improved land
productivity. This can eradicate the growing land use competition and
astonishing demand for energy and food in a country. Thus, ‘APV’ in-
dicates that by sharing the same land and light, energy and food both can
be produced. The idea of this APV was first introduced in 1982 by
Goetzberger and Zastrow [66] and in 2013 France, the first detailed
performance of APV was reported [108]. Since 2014, the governments of
China, France, Japan, the USA, and South Korea introduced new policies
to support the APV. Schindele et al. reported in 2020 that globally
almost 2200 APV systems have already been installed, totalling 2.8 GWp
capacity [142]. Therefore, APV technology helps to obtain sustainable
development goals, by decreasing the competition between lands used
for electricity versus land used for food. Fig. 1 shows the historical
improvement of APV systems.

Previously 98 journal-based review work has been done where it was
identified that investigation in APV area having over 1 MW is less
compared to < 100 kW level. They identified that among the 98, 50
works dealt with small-scale (<100 kW) level APV whereas only 26 dealt
with > 1 MW. The key lacking factor of this APV study is the financial
model. Most of the work investigated energy & crop yield from an APV
system [8]. Other review work summarised some key valuable points
such as a one-third decrement in solar light can reduce crop
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productivity, however up to 70 % land productivity is also possible. APV
also enhances the economic value of farming by generating benevolent
decentralised electricity [167]. Based on past studies, the future of APV
in India is summarised in another work. Not only power generation from
PV and agriculture but the thermal regulation of PV using crops is also
investigated [162]. Work reported by Abidin et al. 2021., highlighted
the quality and quantity of sunlight both are essential for the APV sys-
tem. Also, future shareholder decisions can play a significant for this
type of agreement. They also recommended that the adjustment for crop
selection and management can produce better success. Finally, they
inferred that it’s not only agriculture and PV but a combined nexus
between food energy and water security [2]. Recently, Reasoner and
Ghosh reported APV where they studied various engineering aspects
suitable for higher growth of APV system. However, they only consid-
ered the last five years of work [127]. One recent work reviewed the
progress of the APV system and concluded that mounting height and
spacing between solar PVs should be optimized to have maximum crop
yield and energy generation as well. Their recommendation is to study a
model that will optimize the elevation, spacing, and tilt angle of the
solar PVs and factors responsible for crop growth and yield, to have
maximum crop yield and energy production [141]. Various solar energy
technologies such as solar PV modules, solar thermal and PVT systems
were investigated for agriculture farming [43] while solar desalination,
water pumping, and crop dryers were investigated by [152]. The pri-
mary focus was on India and its different schemes to improve solar and
APV research growth [152]. In a mini-review effect of PV shading on
crop yield, and quality, considering the open field and PV-integrated
greenhouse was investigated. It was anticipated that a PV shading
threshold of 25 % is enough and above that crop growth will be stopped
[155].

In this review work a comprehensive literature review has been
performed to investigate the APV and its future to meet SDGs. In addi-
tion, various challenging factors and simulation techniques required for
APV are critically analysed. Design for APV and how PV and visible light
intensity have a crucial contribution to the success is discussed. In
addition, country-wise APV investigation and issues related to inte-
grated PV-crop simulation tools were also highlighted. Section 2 sum-
marised the details of APV and the essential factors associated with APV.
Section 3 detailed various experimental and software-based APV work.
Section 4 summarised the discussion based on the knowledge gap, cost,
and technical challenges, and section 5 concluded the work.

2. Details of APV & essential factors

Agriphotovoltaics/Agrivoltaics (APV), as the name indicates, is a
combination of Photovoltaic systems and agricultural land where land is
used for both PV power generation and food production. It can also be
termed as agroPV, agrivoltaics (AV), solar sharing [144], dual use of
land, and aglectric [112]. Recently solar energy generation with

2011, The first 2013 Japan 2015 Large
APV in France First govt AP{7>10 ha
and Italy fund

2017 France 2021 over 14
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2010 2012, SMWp 2014 China
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EEG Reform capacity
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Govt fund

Fig. 1. History of the APV system. Redrawn from [151].
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domestic livestock has been named Rangevoltaic [38]. According to
NREL, an APV system should influence each other (PV and agriculture).
If rooftop PV has a direct impact on the livestock, soil, and vegetation,
then it will be counted as an APV system. A few other criteria are also
now associated with the APV definition, e.g. in Germany, APV is only
allowable if the land has yielded at least 66 % without solar which is 80
% in France & Japan.

As previously mentioned the first concept of APV was developed
back in 1982 and at that time, the plan was to use the available space
under the solar collector-based solar power plant mainly for crop growth
[66]. Solar collectors were installed 2 m high above the ground and
maintained enough space between two solar collectors so that crops
could be planted without excessive shading. It was assumed that one-
third of the solar radiation is required for the solar collector (48° tilt)
because of their design, and two-thirds of the solar radiation could be
used for other purposes such as crop production. Fig. 2 shows a typical
concept of the APV system. For dry areas, the presence of PV [172] or
other covering elements [7]also aids in improving the microclimate by
increasing soil health and moisture.

APV systems possess several positive attributes and challenging
factors as below.

Advantages of APV

e Land productivity: Combined setup can potentially increase 70-80
% land productivity and distribute the co-benefits of agriculture and
PV power generation more widely by selling electricity, leasing land,
and enhancing agricultural-sector production plants.

Water usage efficiency: Most solar panels need water washing to
eliminate dust from the top of the surface to enhance solar radiation
efficiency. If plants grow under PV panels, the same water can be
used and run off on the ground for vegetation irrigation.

Soil health improvement/ less dust generation: Covering the soil
surface by introducing vegetation prevents the top soil layer from
washing off. This will improve soil health. In addition, the presence
of crops under the PV panels produces less dust from the soil.

Low local ambient temperature: The practice of agriculture under
PV panels can also keep the solar panels cool due to the moist and
humid soil. Often this temperature is below the ambient which helps
to produce higher power from PV. The presence of PV offers shading

Low-solar
cell
temperature

L)

Micro-
climate
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under the PV panels, which improves the balance of evapotranspi-
ration and water irrigation.

e Reduce impact of drought: In the food sector, water scarcity is a big
threat. The presence of shading from APV eliminates the eva-
transportation which in turn improves crop yield during drought
conditions [143,9].

e Stops migration: This type of scheme can have the potential for so-
cial development and integration of technology and agriculture and
can create new educational institutes and jobs. Migration from rural
to urban can be minimized as most of the agricultural place is in a
rural location where new offices should be set up. Women empow-
erment is possible by employing them in crop plantation.

e Human factor: Farmers’ health such as skin cancer and heatstroke
are the two common factors who do farming in hot, sunny weather
[96,125]. APV can provide relief from the scorching sun by
providing plenty of shade for farmers to work in which is much
needed but often overlooked.

e Livestock production: Animal farming in APV can also be another
potential. Though often it is considered that animals cannot be a
potential option for agricultural cropland. However, once the crop is
fully grown or ripened, they are cut and collected. Thus, after this
harvesting, the land can be easily used for animal grazing. If land
productivity is evaluated using the PV generation and the meat is
produced from sheep, rabbit [102], lamb [14], and emu then the
overall profit from benevolent power and meat price is enormous.

e Source of EV charging station: Electrification of the transport sector
can also get benefit from APV. Range anxiety is a key issue for the
user to take electric vehicles (EVs) for long-distance travel, particu-
larly in the countryside or rural locations [60]. Most often in these
locations, EV charging stations are not present. If APV is deployed
this can be a source of energy for the EV charging station [149].
Hence people will be keener in the future to use EVs for holiday trips
and other countryside trips.

e Source of energy for rural off-grid/grid electrification: Globally
most of the agricultural lands are in rural locations and the rural
populations are deprived of the electricity infrastructure. The UN has
set a target for affordable electricity so that rural areas will not
deprived of energy anymore. In this context, APVs can be prospective
to be a source of rural electrification. APV can be the major source of
off-grid systems in rural locations.

& Solar Radiation

Vehicle for farming

Mooist soil

Mounting

structure
—_—

R | vi vl
Area Covered by Area between PV system Area Covered by
PV system (shaded (partially shaded or non shaded PV system (shaded

area, suitable for
shade tolerant
crops)

area, suitable for shade intolerant
crops)

area, suitable for
shade tolerant
crops)

Fig. 2. Schematic of APV design showing space between panels that allows farming and equipment to pass between rows. Redrawn from [41].
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Disadvantages of APV

e Agricultural land loss: For APV, regardless of the layout, some
agricultural land loss is evident. However, the quantity of loss is
crop-specific and fully depends on the panel’s dimension. Most of the
traditional panels are rectangular in shape hence it’s hard to
comment that this particular shape can accommodate entire land, as
land size, dimension, and shape vary significantly from place to
place.

Increased labour cost: APV requires technical expertise, which in-
cludes knowledge of solar PV and knowledge of agriculture. Farmers
lack knowledge of solar PV whereas people who are experts in solar
cannot tackle the crop issues. Thus, labour costs will be included
every time there is any maintenance or need to grow new crops. For
APV system O&M purposes, two different types of experts are
required who can work together. In this aspect, the government
should intervene and provide a scheme where particular APV experts
can be produced.

Crop cycle: To improve the crop yield generally all the agricultural
land changes the crop generation. If the same agricultural plantation
is applied year after year, it will have an impact on that section of the
field. Thus, the rotation of crops is an important component of APV
[89]. Hence, for this, the crop yield analysis must be done for a va-
riety of different crops before applying APV.

Not suitable for greenhouse application: APV for greenhouses stops
light penetration. This can often reduce the crop’s growth. For a
particular work, it was reported that an opaque PV-covered green-
house resulted in a 64 % reduction in crop output [31].

e Anti-soiling coating: It must be kept in mind now that if PV is
employed for APV any chemical used for anti-soiling coating can be
damaging to the crops. Thus, it’s not a straightforward approach like
BIPV or ground mounted where the key criteria are low refractive
index and high transmission for an anti-soiling coating [120], 2020).
However, it is believed that the APV system faces less dust issues than
typical ground or building integrated as plants help to stop soil
erosion.

Impact of APV on ecology: Though solar glass has high transmission
still it has reflection which is close to 4 % or more [170]. As PV
panels can reflect polarised light, birds often mistake it for a water
source. Because of landing on hard and warm surfaces, most often
they die or get injured [38]. Some insects are attracted to polarised
light [74]. Significantly high avian mortality is reported which also
included PV and concentrated solar systems [87].
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Currently, APV can be classified depending on the configuration of
PV systems. Fig. 3 shows primarily three types such as interspace,
elevated or overhead, and the greenhouse which is now the most com-
mon type. For interspace type, this is the most common which can be
seen for ground-mounted PV installation. Between the two PV systems,
the space is used for crop growing. Depending on the spaces available, a
range of various farming vehicles can go inside for farming activities.
Crops mostly get direct sunlight and shading often is possible during the
morning and afternoon time from the PV modules. For elevated or
overhead structures, crops are grown directly under the PV systems. In
this type, crops get protection and shade is available almost all day.
Lower values crops such as grains, grasses, and hardy vegetables are
popular for inter-spacing structures while special expensive or higher-
valued crops are used for elevated structures. Integration of PV into a
greenhouse for APV application is another option. In this particular type,
PVs are installed above or as envelopes to modulate light. Currently,
most of the PVs are silicon type, however, others types have potential
and are discussed in section 3.2. Animal husbandry and live stocks are
also possible by using the space around, directly adjacent, underneath
solar PV for an APV system. Cattle, honeybees, poultry, rabbits, and
sheep have the potential for animal operations which can be seasonal, or
yearlong depending on the requirements.

2.1. Impact of light on crops

For the photosynthesis of plants and planetary energy balance, solar
radiation is the main driver. Similar to PV, it is essential to distinguish
the intensity of direct and diffuse solar radiation. Global horizontal
irradiance (GHI) is key for PV systems, likewise photosynthetically
active radiation (PAR) for crops [163]. Fig. 4 shows the different light
intensity levels and photosynthesis.

Plants need efficient temperatures during the daytime to grow while
some plants need high humidity. For photosynthesis, light parameters
are crucial. Carotenoids, chloroplast pigments, and chlorophylls absorb
and harvest visible light by the photosynthetically active radiation
(PAR) mechanism. Chlorophyll can have numerous chemical structures
and among them, chlorophyll a and b are the two primary [26]. Chlo-
rophyll a absorbs blue light while chlorophyll b absorbs red light. Plants
are green because of their inability to absorb the green light. PAR can be
defined as part of electromagnetic radiation within the waveband of
spectral range from 400 nm to 700 nm that can be used as the energy
source for plant photosynthesis. Outside this wavelength, such as IR and
UV are called non-photosynthetically active radiation (n-PAR) [171].
UVs are not useful for Photosynthesis as they have a higher level of

-
” ~
7’ N
4 \
/4 N

/
ICrop grows between \\

+ PV system

1
]
I
! Crop grows
iunderneath PV system
\
\ /
‘\Crop grows inside A
\
reenhouse ,’
AR 7

~
Sam==”

\
\
1
]
]
I
1
]
+

Annual Crops

Crop rotation Activity for
Grazing crop
Haying production

Use of large machinary

Fig. 3. Schematic details of the type of different Agriphotovoltaics (APV) approaches, potential PV that can be used, and activity involved for crop production.
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Fig. 4. Light intensity-dependent photosynthesis where Py, indicates the maximum photosynthesis rate. The plant shows a gain of carbon fixation at the light
compensation point which is the minimum level of light requirement. In the light limitation region, the net photosynthesis rate has a linear rise with increased light.
The photosynthesis process gets saturated after a further increase in light intensities, (photo-saturation). Under excess light intensity photosynthesis declines which is
called photo-inhibition. Redrawn from [101,23].

energy which damages molecular bonding, and other essential struc- of light can be expressed [109] as equation (1) where P represents the
tures. NIR suffers from low energy content which is not enough to photosynthesis rate, I is the intensity, and a is the slope at zero I and 1/b
process photosynthesis. How plants react with the different wavelengths is the value of P at infinite L. [139,110].

Total PAR = direct + diffuse + reflected

Fig. 5. Schematic diagram of the PAR (photosynthetically active radiation) received in a crop field having a vertically oriented bifacial PV system located in Kéarrbo
Prastgard (Sweden) [101].
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Available light under an APV system varies continuously. This variation
is prominent from season to season. The growth of crops is light-
dependent. Light quality and quantity both can have an impact on the
plants under APV. PAR varies under the APV system and thus can have
an influence on summer, winter, long-cycle and short-cycle crops. Sur-
face global or total PAR includes direct, diffuse and reflected as shown in
Fig. 5. Table 1 listed the nature of corps for different light conditions.
Based on Table 1 it can be considered that shade-intolerant crops cannot
cope with shading from PV. Table 2 listed the details of the yield
reduction due to shading. However, a study on sweetcorn showed a
different outcome. Sweetcorn, which is shade intolerant crop, was
planted for an experimental farm operated by the CHO Institute of
Technology in Ichihara City, Chiba Prefecture, Japan (Latitude: 35.37°,
Longitude: 140.13°) in early April 2018 and harvested in late July. The
typical growth period of corn is approximately 90 days and grows up to a
height of 2 m. Thus, It is possible to grow shade-intolerant crop corn,
under the shade of PV systems [144]. A possible reason to have a higher
yield from a shade-intolerant crop could be 1), crops actually need a
small fraction of sunlight for photosynthesis. Even if the light level in-
creases, there will be a point where the light has no impact on photo-
synthesis, 2) exposure to sunlight also provides UV, which is damaging.
Hence, too much sunlight may not be a good option, 3) the PV shading
creates a reduction of water evaporation, which is beneficial in the hot,
and dry seasons. Shading from PV panels reduces the diurnal variations
of sunlight and ambient temperature, which is good for the crop.
Because of the reduction of moisture evaporation, PV modules also
alleviate soil erosion [144]. Some researchers claimed that 730 nm-
based monochromatic red light can improve the 6.5 % photosynthesis
rate of lettuce in a greenhouse [175].

2.2. PV technologies for APV

Choosing slopes close to the latitude and orientations facing the
equator can provide higher power generation from ground-mounted PV.
To achieve direct solar radiation throughout the day, PV must face true
south in the northern hemisphere and true north in the southern
hemisphere. However, for APV, PV system integration does not follow
traditional design where tilt angle and orientations play a significant
role in extracting maximum power from PV. APV design varies for every
project. Solar PV, which is one of the key components for APV systems, is
now mostly silicon type. PV types include first-generation silicon type,
second-generation thin film, and third-generation advanced type.
Advanced third-generation types consist, of perovskite [18,62], Dye-
Sensitized Solar Cell (DSSC) [136,63], organic [52] and tandem [99]
types. Though these types possess significant improvement in terms of
efficiency, their stability challenges are still a barrier for large-scale
outdoor applications. Recently researchers argued that organic PV can
be a potential option for APV application if the stability issues can be
eliminated [148]. The light absorption of perovskite, DSSC, and organic

Table 1
List of crops under different shades. [8].

Light condition Plant for agriculture

Shade Cabbage, corn, cucumber, pumpkin, rice,
intolerant tomato, turnip, and watermelon
Plant
Full shade Alfalfa, arugula, Asian greens, broccoli, cassava,
Light chard, collard greens, hog peanuts, kale,
kohlrabi, lettuce, mustard greens, parsley,
Shade scallions, sorrel, spinach, sweet potatoes, taro,
Tolerant and yam
Moderate Beans, carrots, cauliflower, coriander, green
Light peppers, and onions
Low Light Mushroom
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Table 2
List of crop that has low yield under APV [95].
Type of Condition APV yield Conventional yield  Reference
Crop (kg/m*) (kg/m*)
Bok Choy Under PV panel 0.10 1.15
Corn Under PV panel 3.23 3.35 [144]
(high density)
Lettuce greenhouse 2.18 2.03 [158]
Lettuce Under PV panel 2.65 4.50 [45]
Kiwi Under PV panel 1.66 1.71 [82]
(low density)
Winter Under PV panel 0.32 0.35 [115]
cabbage

be tailored in the NIR region and the visible region can be used for crops.
Second-generation thin film-based modules are mostly semi-transparent
in nature and were developed to reduce the high cost of solar cell ma-
terial. They are commercially available and have high durability and
mostly their structures are glass-PV-glass [10]. Thus, they are also
favourable choices for APV application.

Silicon mono and multi-crystalline PV are now the most common in
the commercial sector for outdoor applications because of their mature
technology. Mono-facial-based PV is the most investigated type as
shown in Fig. 6 a & b. Modelling-study showed 30-degree tilt south-
facing mono-facial silicon PV-based quarter densities solar array could
provide 80 % direct sunlight and half density could provide 60 % direct
sunlight compared to an open field in Phoenix, Arizona [104]. The
growth of tomato plants was investigated by using semi-transparent
organic PV and silicon PV-based APV greenhouses. It was evaluated
theoretically that the use of organic PV can improve the production of
tomatoes by 46 % more than standard Si PV greenhouses. Ground-
measured weather data from Geraldton (Australia) was employed for
this study. For the crop model, a tomato growth model was used. The
transmittance data from a semi-transparent organic solar cell having
PTB7-Th: IEICO-4F as the active layer was employed for PV. Organic
semi-transparent cells with 9.4 % power conversion efficiency and 24.6
% average visible transmittance [139]. Recently [159] et al. reported
thin film-based APV work in Colorado USA 40 % semitransparent CdTe,
opaque cdTe, and opaque multi-crystalline PV systems were employed.
The thin film allowed three times higher lights under the panel suitable
for crop growth. In the future thin film-based light flexible PV and other
types of PV can also be an alternative for APV systems which will make
the system integration much simpler and may reduce the overall cost.
For semi-transparent type PV, the advantage is through the PV light
passes (mainly PAR) which can even help to plant shade-intolerant
crops. However, the type of light passing through PV can play a signif-
icant role in choosing the crops.

However, a recent trend is to apply bifacial-based PV (bPV) as shown
in Fig. 6 ¢ & d. The advantage of the bifacial is it can collect light from
the rear side of the PV. Also, at latitudes above 40°, a bifacial module for
any direction is more cost-effective than a mono-facial even for a min-
imum albedo between 0.12 and 0.30 [135]. The structure of bifacial
modules is glass-PV-glass, which is different from the mono-facial one.
This particular structure is potential, particularly in the northern lati-
tude climate where the solar radiation intensity is not strong. Thus, light
still can penetrate from the non-PV covered area. However, for APV
application, reflection from the crop is always a challenging scheme
[86]. Also, in terms of degradation, this glass-PV-glass structure which is
common with bPV is more beneficial than glass PV black sheet mono-
facial structure [145]. A bifacial PV-based APV system was investi-
gated theoretically where bPV was mounted vertically. The overall
model included three main components such as crop yield, solar radia-
tion and shadings, and photovoltaics. All these components were vali-
dated using experimental data and commercial software. Potatoes and
otas were employed as key products. Results indicated that PAR distri-
bution gets affected due to the row distance between bPV. If the row



A. Ghosh

Solar Energy 266 (2023) 112146

Absolute spectrum (W-m-25-1)
Absolute spectrum (%)

Fig. 6. (a) Silicon-based monofacial PV 3 MW grid-connected solar power plant at Bhatkota village, Taluka Modasa, Aravali District, Gujarat, India [121], APV
RESOLA and is located at Heggelbach, administrative district of Sigmaringen, Germany [167] (c) APV power plant in operation from 2018, producing Demeter-
certified organic potatoes, winter wheat, clover, and celery. [142](d) vertically mounted bifacial PV at Karrbo Prastgérd, Vasterds, Sweden [29] (e) Large-scale
APV system in Fuyang City, Anhui Province, China [71,9] (f) novel concentrator for APV system showing transmitted red and blue light for plant growth and
remaining for PV power generation [100](g) Organic LR305 based LSC used for algae cultures. Greenhouse without LSC for salina cultures (left) and LSC (right) [42].
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

distance were reduced to 5 m from 20 m, potatoes and oats productivity
would be reduced to 50 % [29]. A study investigated in Lahore, Pakistan,
shows that denser and E/W bPV integration gives a higher crop yield
while mono-facial N/S provides a higher energy yield [133].
Concentrating PV (CPV) is another option to employ in APV work.
The CPV is an old concept but has slow progress due to the high
installation cost, reliability issues, unavailability of field data and
expertise, and no information on operating and maintenance costs.
Based on the concentration ratio, CPVs can be high, medium, and low
types. To perform well, CPV systems need direct solar radiation. The
concentration ratio of CPVs is mostly represented in the units of the sun.
The low concentration ratio has < 10 suns, medium concentrator
10-100 suns, and high concentrator > 100 suns. Large-scale CPV based
APV is working in Fuyang City, Anhui Province as shown in Fig. 6e. Liu
etal. [100]developed a polymer film made of Taz0s, TiO3, and SiO3 and
a two-axis tracking system which helped to grow larger plants with
higher net photosynthetic rates and contained more soluble sugar as
shown in Fig. 6f. The cost of the proposed concentrating APV was
USDO0.8/Watt which was 33 % lower than conventional silicon-based PV
panels (USD1.2/Watt). Overall APV system efficiency was 6.8 % higher
and 26 % water evaporation reduction was possible due to lower tem-
perature under the film [100]. Huang et al. [77] conducted dish-shaped
CPV with a beam filter acting as a splitter for the solar spectrum through
which the most effective bands for plant growth were transmitted while

others were reflected into the PV module. They investigated lettuces as
crops and GalnAsP/GalnAs double junction solar. Ma et al. [103]
investigated spectral splitting PMMA-based cover with compound
parabolic concentrator and triple-junction solar cells (GalnP/GaAs/Ge).
NIR blocking rate was 78 % and over 40 % visible light transmission was
possible with this system which is essential for crop growth. Crops need
PAR and most of the solar cells absorb PAR which can influence the
crop’s yield. Luminescent solar concentrators (LSC)-based integration is
now also in research. LSC consists of polymer material and fluorophores
or luminophores (dye) [32]. These dyes capture the UV or NIR radiation
from solar light and convert it to visible light by up or down-shifting
methods [134]. The emitted photon is then concentrated in the solar
cell which is located at the edge of the concentrator. Rare earth-based
LSC has been introduced for the Agri LSC [52] as shown in Fig. 6g. To
improve the power generation from PV tracking solar/ dynamic tilt is a
great choice.

Dust impact on the APV system is a crucial consideration. Dust
deposition on the top of the PV system reduces power production
significantly. Though it is considered due to plantation dust generation
will be less, agricultural-related work can create significant dust [90].
Dust impact on CPV systems is more adverse than non-concentrating PV
[174,34]. Also keeping the PV in a vertical direction is useful for the
location where the dust impact is prominent. It is well reported that the
vertically tilted PV suffers less dust issues than other tilt angles
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[35,33,61]. Soiling or dust impact on PV is mentioned in various
research journals where PV is land-based or building-integrated.
Cleaning mechanisms for this soiling issue are also well documented
where self-cleaning [120,119], robotic [54], manual & electrodynamics
dust shield [138]. However, no research work is reported on any long-
term study on soiling and cleaning for APV systems. Table 3 listed the
issues related to PV systems that can have an impact on the overall
performance of APV systems.

2.3. APV design

The design of an APV system is probably one of the key challenges, as
this includes two different expertise, from both the farmers and PV de-
velopers. The availability of a standardised APV design format can help
both sectors. For APV design, technological, construction, and safety-
based issues should be dealt with priority which further can help to
tackle the economic aspect. In the technical aspect, the type of crop that
will be cultivated and the type of PV that should be suitable for a
particular location are significant. Further, shading impact on the crop
from PV and self-shading from two different PV modules must be
counted. For structural construction, ground-mounted PV, and other
types of land-based applications, aluminum-based mounting frames are
employed and a concentre-based solid mixture is used to hold them
tightly with the ground. These concrete mixtures can have a negative
impact on the agricultural field later on. Thus, the sustainable design of
APV is vital which can have a positive impact on land, crop, and PV. The
impact of snow and wind load on the PV module structure could be an
issue that should be counted during the designing process of APV. Safety
aspect consideration during APV design is a precondition. For agricul-
ture, the land under the APV system must undergo major investigation
as a solid base is not possible and due to farming the soil often becomes
moist, wet, or dry.

In Germany, the German Institute for Standardisation developed
some guidelines that can be influential with very similar types of cli-
matic conditions. According to them the key criteria that must be ful-
filled before developing APV systems are a) agricultural usability of the
area must be maintained, b) after installing the PV, the land lost must
not be over 10 % (while PVs are above 2.1 m as shown in Fig. 7a) and 15
% (while PVs are below 2.1 m as shown in Fig. 7b&e), c) light (solar
light) and water must be available, d) any damage due to PV on the
ground such as soil erosion must not be allowed, e) yield from agricul-
ture must be 66 % compared to reference yield. Reference yields are
calculated from the last three years’ average data.

Shading from PV systems can often not be very impactful on crop
growth. Though there is a scheme to select shade-tolerant and intolerant
crops for APV, however, the flexibility of moving the PV system can
possess more benefits. This partial shading from PV depends on the

Table 3
Issues that can have an impact on the power generation from APV system and the
overall performance of APV.

Factors Impact

Tilt Angle Due to not optimising the tilt angle, power generation from PV
will be lower compared to an optimized tilt PV. This is only true
when all the other factors remain the same for both cases.

Temperature As it is expected the PV in the APV system may experience lower

temperatures due to the presence of crops hence performance
can be improved which may offset the tilt angle issues.
As the surrounding lands will be covered with crops hence less
soiling is expected hence this phenomenon can reduce the
cleaning cost of PV and enhance the performance.
Transparency of Solar cell material transparency has an inverse relation with
PV power generation. Hence the more the cell is transparent the
more power generation from that cell will be low compared to a
fully opaque cell.
On the other hand, the presence of transparency will allow
daylight which is essential for crop yield.

Dust impact
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heights, orientation, and density of PV systems [30].

In Germany, one APV system was developed in cooperation with the
Demeter farming community Heggelbach and BayWar. e. Solar Projects,
Hilber GmbH. The system was oriented in 52.5° azimuth and SW di-
rection and started working from September 2016. For the foundation of
PV modules, a Spinnanker system was implemented (shown in Fig. 8
a&b). This is a special type of concrete-less foundation and works in a
similar principle to tree roots. In a circular ground plate, threaded steel
rods having a 1 cm diameter were screwed. Threaded rods (6 or 12) and
the bar length (2-8 m) both were variable and gave flexible adaptation
on the soil. The advantage of this system is quick and easy installation
and dismantling without performing major adverse effects on the
ground, and potentially reusing some of the parts afterward [157]. Fig. 8
c and d show the installation of the APV system.

For investigation purposes, various research groups apply different
designs. Recently researchers from Belgium investigated vertical and
single-axis APV in Grembergen, Belgium (51.02°N, 4.12°E). Row-to-row
distances were 9 m apart so that farming machinery could be used. As
the location was near a residential area, the height of the PV system
structure was kept below 2.6 m. Single-axis tracker ranged between
—50° (east) to + 50° (west) and was run by programmable logic control
software tool. For both cases, PVs were bifacial type (Phono solar Half-
cut PERC 455 Wp) with dimensions of 2.13 x 1 m and a bifacility factor
of 0.7. PV mounting structure was made by using pile drilling which has
an easy removal process as shown in Fig. 8 e and f. The depth of the
foundation varied between 2 and 3.8 m depending on the soiling types
[169]. The overall monitoring system is shown in Fig. 8 g,h,i.

One theoretical analysis was performed for the safety of the PV
module structure for APV application [97]. In this work, the author
considered steel steel-based structure for construction, PV module had a
30-degree tilt, the snow load was 0.42 kN/m?, the wind load for PV was
0.77 kN/m? and the structure was 0.849 kN/m? [97]. Also, modules
were kept in landscape and portrait orientation. The outcome showed
that the APV system is vulnerable to wind load and structural failure
depending on the spacing between two columns. Modules at a high
distance from each other reduced the structural safety but enhanced the
power generation for the low shading impact. If the column is narrower
they are not advantageous for crop production and initial investment
however good for power generation. Portrait mode produced more
power than landscape mode.

The cost of the PV racking system is still expensive compared to the
reduction of PV cell prices in this decade. Except for the metal-based
mounting or racking structure, other alternatives are wooden-based
racking [160,161]. Free -swinging bifacial PV systems for APV appli-
cation were investigated using an open-source SAM energy performance
tool. This free-swinging generated 12 % higher energy than a vertically
fixed tilt PV in a case study location in Ontario, Canada, and showed 31
% lower Levelized Cost of Energy (LCOE) than a seasonally adjusted
wood racking, commercial fixed-tilt metal racking and optimized fixed-
tilt wood racking PV [75].

3. Theoretical and field experiments with APV systems
3.1. Software tools & fundamental equations for APV

Calculation/techniques to understand the APV

To understand the overall productivity of APV systems, land equiv-
alent ratio (LER), land productivity factor (LPF), and price-performance
ratio (PPR) are the three different methods that are often used.

The land equivalent ratio (LER) is shown in Equation (2).

LER — ( Y('mpAPV) n <yelurrriairy/\PV> @
Ymmm(‘rop Y, electricityPV

Where Yopapy indicates Grain yield in APV scenario (kg/m3), Ymonocrop
indicates Grain yield in full light scenario (kg/m?), YelectricityAPV




A. Ghosh

PV module

Example of Mounting
crops structure
(@) )

Solar Energy 266 (2023) 112146

PV module

PV module

Example of

Example of
crops

crops

(©)

Fig. 7. Schematic illustration of APV systems design developed by DIN SPEC 91434. (a) Overhead PV with vertical clearance > 2.1 m, (b), & (c) Interspace PV with
vertical clearance < 2.1 m. Image courtesy Fraunhofer ISE(Fraunhofer ISE, 2022) [55].

Fig. 8. (a) & (b) Tree root inspired Spinnanker, a concrete-free foundation for APV mounting structure [157] (c) cranes for lifting the PV systems during APV
installation, [157] (d) final installation of APV in a farm land in southern Germany [157] Credit source: Fraunhofer ISE (e) pile drilling for PV structure installation
[169] () steel structure for APV, [169] (g), (h), (i) APV step up and data monitoring process [169].

Electricity yield in APV scenario from PV (kWh/rnz), Yelectricitypv Elec-
tricity yield in a ground-mounted scenario from PV (kWh/m?).

LER > 1, APV design is more suitable than producing only energy or
only crop from the land.

LER < 1 indicates that energy-food production is less productive than
single production. The land losses need to be considered for efficient
analysis as the land under the PV structure is not cultivated.

Land productivity factor (LPF) as shown in equation (3) was pro-
posed by [132]where PAR stands for Photosynthetically Active
Radiation

LPF = (PAR) + (Yelecrn'ciryAPV)
100 Yetecrricirypv

Schindele et al. proposed PPR method [142] as shown in Equation (4)

3)

_p
ppr=-—

b @

ppr = price performance ratio, p = price, py, = performance benefitif ppr
= 1, APV implementation is a reasonable investment, If ppr > 1; Not
reasonable to support APV; If ppr < 1; If the price of maintaining
cropland is lower than the economic performance of the same cropland
(ratio less than 1, a result policymakers seek),

Theoretical analysis of the APV system needs software tools that can
predict the overall performance before employing the real set-up. As the

APV system includes both agriculture and PV, a combined tool or two
separate tools are essential. For Crop yield evaluation various tools’
names are listed in Table 4. For PV generation mostly used software is
PVSyst and Helioscope.

The Simulateur mulTIdisciplinaire les Cultures Standard (STICS)
crop model uses generic parameters suitable to extract for any crops.
Crop yield at various conditions can be simulated here. Plants’ growth,
soil interaction, and water content in the soil, all could be managed [27].
[45] employed PVSYST for PV production and STICS for an agricultural
production model. The investigated location was Kansas USA and their
result found that 30 % enhancement of the economic value of the farm
due to a lettuce-based APV system.

To understand the profit from the APV system, STICS simulation
techniques for crop models were employed in a work in France. LER
method, light transmission at the crop level due to the presence of PV,
and production from partially shaded crops by using a crop model were
used in the simulation tool. It was found that the use of APV can improve
land productivity by as high as 60-70 % [46]. They also recommended
the potential limit of STICS model which can’t fully simulate crop pro-
duction under dense shading.

The performance of an APV system in North Italy location was
investigated using PV as a solar tracking system and maize as a crop.
Crop growth simulator GECROS was employed while 40 years of cli-
matic data were used. Panel density had a higher impact to have always
LER > 1 than panel management (i.e. sun tracking or static PV). Reduced
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Table 4
Tools that can be used for crop yield analysis.
Software tool Possible Study Reference/
source
APSIM (Agricultural Modelling and simulation of APSIM
Production Systems agricultural systems
sIMulator)
APEX (Agricultural Policy/ APEX can simulate one hundred APEX
Environmental eXtender) different crops for hundreds of
years
CROPWAT 8.0 Calculation of crop water CropWat
requirements and irrigation
requirements based on soil,
climate and crop data
CLIMWAT Calculation of crop water CLIMWAT
requirements, irrigation supply
and irrigation
DSSAT (Decision Support Has the potential to simulate crop ~ DSSAT
System for Agrotechnology growth of over 42 different crops
Transfer)
GroIMP (Growth Grammar Modelling backbone’ consists in
related Interactive the language XL GroIMP
Modeling Platform) For modelling and visualization,
GroIMP provides a complete set of
3-d geometry
STICS (Simulateur mulTI-
disciplinaire pour les A generic crop growth model STICS

Cultures Standard)

radiation helped to keep the low soil temperature, eva-transportation,
and water balance of the soil. Grain yield was higher in rain-fed con-
ditions for the APV system than in open-air conditions. LER was always 1
for this system [11].

Based on the APV field trial data, a model for microclimate under-
neath the APV was developed by [106], 2013b, 2013c). They employed
a measuring unit to measure air temperature, humidity, soil moisture
and temperature, and solar radiation for an hourly interval to achieve
temporal resolution. In addition, crop-specific parameters including
crop cover rate, temperature, stomatal conductance, wind speed, and
precipitation were also measured. Further, to have more precise tem-
poral and spatial resolution, soil surfaces and rainwater distribution are
also essential [48,49]. In another work, using digital twining and ma-
chine learning framework, a bifacial PV-based APV system is employed
to explore the accelerated development of APV [177].

LCA analysis of an APV plant in the northwestern region was
developed where the PV plant had a total capacity of 2 MW (5-ha plant,
and power density of 400 kW/ha). Each hectare had 22,500 aloe vera
plant. Detailed life cycle analysis including, cultivation to process of aloe
vera, energy generation from PV, energy consumption off-grid and grid,
greenhouse gas emission (GHG) and economic feasibility, the balance of
system for PV plants, construction, operation, decommissioning and
recycling were performed. The simulation result suggested that power
generation from the APV system is significantly high and the grid tie
option gives much economic value to the land owner. For aloe vera yield
Monteclaro simulation was applied whereas for PV, the HOMER plat-
form was employed [126]. Due to the infancy of the technology, it’s hard
for solar developers to understand the crop yield by varying different PV
and layouts. To have success in APV this must be addressed by the re-
searchers. Currently, SPADE is developed by Sandbox Solar which has
the ability to work together with crop and PV [147,165].

3.2. Field, simulation, and prediction study of APV systems

Field experiment of the APV system has been investigated in the
region including the USA, EU, and Asia. However, very little work is
reported in the region of the UK. The reported work we evaluated was
mostly taken from peer-reviewed journals.

Europe
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To make Europe the first carbon-neutral continent by 2050, the
‘European Green Deal plan’ developed in 2020, created ambitious
packages to mitigate climate change. Among them, one of the actions is
the reduction of 55 % of greenhouse gas by 2030 [39]. Employing large-
scale PV in terms of APV will definitely be one of the lucrative options.
Though the first concept of the APV was developed in the EU region
[66], the real application of APV is not massive in this region yet. Except,
for Germany, France, and Italy the growth of APV is not widely avail-
able. Also, the research article which investigated the real work is also
limited.

The real prototype of APV was investigated in Montpellier France
(43.6°N, 3.9°E) France for a period from March 22nd, 2011 to August
31st, 2011 which counted the spring and summer of 2011. PV panels
were mounted in an east-west direction and PV modules which were 0.8
m wide, mounted at a height of 4 m with 25° tilt [107], 2013c). PV
panels were arranged in full density which offered 50 % sunlight, half
density which allowed 70 % light and 100 % allowable sunlight. Four
different types of lettuces including two crisphead lettuces (Varieties
“Emocion” and “Model”), and two cutting lettuces (varieties “Kiribati
and “Bassoon”). This APV system saved 14-29 % of Evatranspired water
and this was impacted more than plant transpiration [106], 2013b,
2013c). Another APV system was built in 2019 at Seine et Marne, France
(48.3°N, 2.84°E) which covered an area of 1440 m? to grow alfalfa
biomass. After two years of the experiment, alfalfa biomass increased by
an average of 10 % where the shade of the APV plant varied between 29
% — 44 % in comparison to full sunlight. Photovoltaic generation was
reduced by 15 % due to the optimised tracking for plant growth. This
combined production allowed to achieve an LER of 1.51 [47].

In Italy, one APV system in the PoValley with a tensile structures-
based solar tracking system was patented with the name Agrovoltaico
which had 1 MJ of electricity delivering capacity to the grid. The capital
cost of the system was close to 1.5 Million euro which is due to the
reason for the construction cost. LCOE was close to 90 euro/MWh which
was 15 euros higher than roof-integrated PV and 5 euro higher than
ground mounted. According to the author, this system can satisfy at least
14 SDGs out of 17 (partnership for the goal, quality of education, and
gender equality were excluded) [5].

Four crops including celeriac, grass-clover, potato, and winter wheat
were established under the APV system in Lake Constance in south-west
Germany (47.85° latitude, 9.14° longitude, approx. 660 m above sea
level) where bifacial south-west oriented PV had a capacity of 194 kWp.
Corp yields were monitored from the start of 2017 to the end of 2018.
PAR was reduced by about 30 % under the APV system while soil
temperature was reduced during summer. Overall it was concluded that
crop yield was reduced but in dry and hot conditions yield increased
[166,157]. The first practical APV applications in Germany can be found
in the Bavaria location. Since 2008, various crops have been growing
under a PV system (height of 1.5 m) by an electrical engineering com-
pany, Guggenmos [157]. In 2013, the 28 kW capacity of the APV system
was further introduced in Bavaria by the Weihenstephan-Triesdorf
University of Applied Sciences to analyse the crop performance of
pointed cabbage and Chinese cabbage [157]. In Germany, the growing
of apples is particularly suffered from Hail storms. An economic study
showed that APV in apple farms has the ability to abate the investment
cost of farming by 26 % due to hail protection [156].

Three different APV configurations including single-axis horizontal
tracking, static optimal tilt, and vertically mounted bifacial were
investigated theoretically in the Denmark location. It was found that
single-axis tracking and vertical produced higher uniform irradiance on
the ground, and 30 W/m? capacity is suitable for APV. Later based on the
same model, 100-m-resolution based on land cover APV in every region
within the European Union was evaluated which showed 51 TW APV in
Europe resulted in 71,500 TWh of electricity in a year [118].

In Sweden, bifacial PV was investigated for the APV application. It
was recommended that bPV can be influential as its operative temper-
ature is lower than the ground-mounted hence this can improve the
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overall power generation and the overall performance of the APV system
will be improved [84].

In Belgium, single-axis and vertical bifacial PV-based APV were
investigated for sugar beet cultivation. Results were collected for 2021
and 2022 which showed tracking PV performed superior compared to
vertical fixed PV. 30 % energy yield and 20 % enhancement of lab use
efficiency were also obtained from this APV [169].

Asia

In India at Odisha (20.1624° N, 85.7011° E), the APV system having
a capacity of 0.675 kWp covering 11 m? land area produced 1.5 kg
turmeric which is a shade-tolerant medicinal crop. The payback period
was 9.49 years for this system while LER was 1.73, benefit-cost ratio
1.71, and price-performance ratio 0.72 [65]. Investigation of the APV
system in Nashik, India showed that 30 % shade tolerant grape farming
had 15 times higher production than the conventional method while the
PV systems were Trina Solar 310 W TSM-310-PD14 polycrystalline sil-
icon [105].

In Japan, an experimental APV system was investigated where a crop
was rice. Japan's government (Japanese Ministry of Agriculture,
Forestry and Fisheries) has a strict policy that anything on agricultural
land is only possible if the rice yield is at least 80 %. For this, the shading
element from APV is only possible up to 27-39 %. Thus, rice fields with
28 % PV density, can generate 284 million MWh/year. It was estimated
that this power can meet 29 % of Japan’s electricity demand based on
2018 energy consumption data [67]. Large-scale employment of APV
technology for grid integration using rice paddy land in rural farming
areas in Japan showed benefits compared to 35 % of the total cultivated
land. For this study, the effect of battery storage and expanded trans-
mission line capacities were also considered (using 8760 h temporal
resolution) which did not bring any extra benefit for APV systems [68].

A case study in Shandong province, China (Latitude 36.43, Longitude
120.36) investigated five different PV greenhouses (Terraced-PVGs,
Doubled film-column PVGs, Part-shaded spring PVGs, Part-shaded
winter PVGs, Bricked winter PVGs) APV system which showed that
4-8 years discounted payback period and Annual Return on Investment
(AROI) variation from about 9 % to 20 % [98].

In South Korea, rice production using APV was investigated. The
capacity of this bifacial PV-based APV system was 107 kW which was
located at the Jeollanamdo Agricultural Research and Extension Center
in Naju-si (35.0272° N, 126.8247° E), Jeollanam-do, South Korea. APEX
model was used to predict the outcome which had 88 % of preduction
accuracy. Experimentally it was found that 32 % of the shading ratio for
the bi-facial APV had the highest total profit of 3.65 USD/m?/day [92].

In Asia, rice is one of the most valuable crops, particularly in
Bangladesh, China, Indonesia, Japan, and Thailand. Rice is sensitive to
shading hence developing APV is a challenge in this area. However
vertically placed PV in an APV system for rice crops, yield can be sig-
nificant. Recent theoretical work showed that high solar radiation lo-
cations such as Damietta in Egypt and Haryana, India, 22 to 115 times
higher APV yield than those just producing rice [6].

USA

APV system within the Phoenix Metropolitan Statistical Area (MSA)
was investigated using agricultural land, which has a 1-degree slope
suitable for PV installation. Half panel density patterns in privately
owned agricultural lands in the APS and SRP service territory can
generate about 3.4 and 0.8 times the current total energy requirements
of the residential using solar PV (Photovoltaics) systems thus reducing
land commitment and preserving the agricultural land in the process.
Farmers could grow Alfalfa, Cotton and Barley. Each farmland can
generate about 600 MWh/acre per year with half-density panel distri-
bution [104]. In another study in Arizona, experiments on APV system
for south-facing PV panels having a tilt angle of 32 and 1 m of row
spacing (32.578989 °N, 110.851103 °W, elevation 1,381 m above sea
level) and 2 replicate plants of each of three agricultural species from
the same family (Solanaceae) [17]. A bifacial PV-based APV system was
investigated in Boston. Among the E-W vertical, S-N and E-W oriented
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APV, S-N faced system proved to be best for shade-tolerant crops while
E-W is good for permanent crops. For APV design grasshopper and CAD
model was employed, while radiance and daysim helped to analyse the
irradiance model [88]. Life cycle analysis of sheep APV showed
tremendous potential in the USA. 3.9 % less global warming potential
was found for this type of PV integration compared to the traditional
one. For grazing shifting sheep to PV farms can save 5.72E8 kg CO2, per
year [73]. A recent work investigated the microclimatic condition under
APV using the CFD model. It was found that a PV system having a 4 m
height above the ground for APV can keep the PV cell temperature 10 °C
lower than a ground-mounted PV system having 0.5 m height above the
ground [168].

Russia

APV potential in the southern region of the Russian Federation was
investigated by [94]. Two different configurations of APV systems
having 3.2 m and 6.4 m spacing between photovoltaic (PV) arrays were
considered while the PV was 4 m above the crop. For simulation, the
Krasnodar region was selected which has an average annual solar
insolation of 4,20 kWh/m?. With this radiation and 3.2 spacing, NPV
was 558,277 USD while 6.4 m spacing gave 424,216 USD. The cost of
energy was 0.7USD/kWh for 3.2 m spacing and 0.723USD/kWh for 6.4
m spacing [94].

Australia

Safat Dipta et al. [139] in vestigated the growth of tomato plants by
using semi-transparent organic solar cells (24.6 % visible transmittance,
9.4 % efficient, active layer of PTB7-Th: IEICO-4F) and silicon PV-based
APV greenhouses. It was evaluated theoretically that the use of organic
solar PV can improve the production of tomatoes by 46 % more than
standard Si PV greenhouses. For this analysis, ground-measured weather
data was collected for the location of Geraldton in Australia while the
crop was a tomato.

Africa

Land use and land cover is changing significantly in Africa [15].
Particularly in sub-Saharan, east, and west Africa, this is prominent. In
this scenario inclusion of APV can be one of the beneficial options. The
potential of APV was investigated for the Niger location which is in West
Africa which has 23 million population according to 2019 data. Agri-
cultural land availability is significantly low here which is only 35 % and
the rest of the area is either used for the built environment or dessert.
The LER was obtained at 1.13 and 1.33 for two including and excluding
the shading included PV power production, respectively [25].

Table 5
Large-scale APV development in various parts globally.

Location System Details Reference
(capacity; Location; Crop type)

Bangladesh 3.77 MW, Soudia Agro Solar PV Power Plant
12.5 acres of land in the Pabna [80]

China 1GW near [21]
Yellow River in the Ningxia
Crop: goji berries
Panels are installed 2.5 m above the land.To
date, this is the largest APV system globally.

France 111 kW, [123]
TotalEnergiers and InVivo

Ttaly Research Project, Overall capacity is not available [140]

Germany 2 MW German EPC contractor Goldbeck Solar [51]
Arc-shaped PV having 2.5-3 m height

Netherlands 2.7 MW PV plant near Arnhem [22]
Corps:
blueberries, red currants, raspberries, strawberries,
and blackberries

Saudi Miral solar spin-off of KAUST developed foldable solar [19]

Arabia PV for APV application

South Korea 100 KW, [20]
Three villages Guryang-ri, Duseo-myeon, and Ulju-gun
Rice

Modules are having 4 m height
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Table 5 listed various APV systems while Fig. 9 shows the image of
those installations.

3.3. Solar PV for other agricultural applications

There are a few other ways where solar energy can be employed in
agriculture applications which can help pollution reduction, and in-
crease this sector’s independence.

The water pump is an essential component of the agricultural land as
shown in Fig. 10. Most often these water pumps are run by gird energy or
oil which are not sustainable. The use of solar energy by using solar PV is
an option to run these water pumps which is environmentally benign
[81,36]. Solar photovoltaic water pumping (SPWP) consists solar PV
system, a pump, and a motor. A battery storage facility with a charge
controller is also possible if essential. The presence of a maximum power
point tracker definitely boosts the efficiency of a solar-powered pumping
system. Solar pumping system capacity depends on pressure, water flow,
and pump power [114].

Presence of moisture, vegetables, and fruits are prone to damage and

Saudi Arabia
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rot which creates significant monetary losses for the products. It is
estimated that 25 %-30 % of the productivity is lost in post-harvest.
Drying of those products can be an option and the use of solar tech-
nology for this drying is one the most suitable option. This will minimise
the chance of fungus and germs growing on those vegetables and fruits.
Dried one can be preserved for a long time without the use of any pre-
servative. In addition, dried products reduce the packaging volume and
weight and make the overall transportation and storage system easier
and lower cost. Also, the use of solar drying methods offers a way to
process fruits and vegetables without the consumption of any electricity.

4. Challenges and potential possibilities of APV

The progress of APV depends on various factors which are expanded
on in this section. The nexus between land use and energy, the knowl-
edge gap between various sectors, APV for rural electrification, and
economic aspects are described in detail here.

Fig. 9. APV application in different countries.
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Fig. 10. Solar power water pump and drying system.

4.1. Land and energy nexus

Food is the primary and essential need for humans and 38 % of
terrestrial land is under use for food production [111]. Food demand has
increased twice due to the rapid growth of the population. However,
there is still some place where food is not available. Particularly the
African continent where 264.2 million people are still undernourished
[24]. UN has a strict plan that by 2030 achieve zero hunger and provide
food to all. In this context, more food production by using the land is
essential. One of the main obstacles to using land for food production is
urbanization [176]. Fig. 11 shows how the land capacity is reducing
every decade. It is unforgettable that if food is essential then agriculture
is the main resource of that food and land is a key foundation for
agriculture.

On the other hand deployment of Renewable energy is now gaining a
higher pace to tackle the global climatic condition. After 2021, some
member states in the EU raised their target to generate more electricity
from renewable sources. For example, Ireland’s National Development
Plan now set a plan to contribute 80 % share in renewable electricity

3.5 ha

3 ha

2.5 ha

2 ha

1.5 ha

1 ha

while Italy’s Ministry of Ecological Transition proposed 72 % of
renewable electricity [78]. The European Union (EU) has considerably
enhanced the solar PV deployment strategy. Previously it was 300GW
and 500GW of solar PV installed in capacity by 2028 and 2030 respec-
tively. After the war between Russia and Ukraine [93,150], the new
target is 320 GWac/400 GWdc and 600GWac/700GWdc by 2025 and
2030 as their new strategy is to not use any oil and gas from Russia [78].
In the USA, 75 % or over 280 GW of renewable energy (solar and wind
mainly) capacity is expected to be installed from 2022 to 2027. Though
Solar PV takes higher land coverage still its positive attributes are not
inevitable. Thus, almost all the major continents consider PV installation
to enhance renewable energy capacity to achieve zero emissions. In
addition, improvement is going on with PV efficiency hence in a couple
of years space coverage may not be a challenge for solar PV.

Because of the land issue and maintaining the food generation APV is
the best choice. However, solar PV integration into buildings such as
BIPV and rooftops is also in consideration [58,137]. Also nowadays PV
integration using water bodies is also common [40,53]. Indeed, Building
alone can’t make the EU region PV-dependent unless all the other

South America
Northern America

Africa

— World

Eastern Asia

— Western Europe

Southeast Asia

M
0 ha r T T T T T 1
1961 1970 1980 1990 2000 2010 2018

Fig. 11. Agricultural land per capita Agricultural land is the sum of cropland and land used as pasture for grazing livestock. Source our world in data.
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integrations (water, agri, vehicle) are considered [113]. APV application
is popular, particularly in some parts of Europe (Germany, France, and
the Netherlands) and Asia (Japan, China, and India) but a more rigorous
effort is crucial. APV has a high potential in India, because of the high
solar irradiation, the second most populous country after China with a
high population density (424 people/ square kilometre). Also, 60 % of
the land is used in India for agriculture [72,122]. Recently researchers
from South Korea suggested combining rooftop BIPV with APV appli-
cation which can be promising in the future [91]. In a case study, the use
of 105 km? of (854,000 number of rooftops) urban rooftops in Shenzhen,
China, could produce 9.84 x 105 tonnes/year of lettuce to fulfil the
whole city’s demand, while, the installed 2106 MW solar PV was pro-
duced on average with 1899 GWh/year electricity. This generation met
0.2 % of the whole city’s electricity demand [83].

The introduction of APV has significant positive attributes, particu-
larly from the farmer’s point of view. The real added values include the
food, energy, and economic benefits of the landowner. To mitigate food
and energy insecurity, poverty-alleviation programs using solar energy
are useful. From 2010 to 2019, an 82 % reduction in solar PV costs was
experienced and in addition, the use of sunlight hours exceeded 1200 h
for most countries [173]. However, to achieve net zero emissions by
2050 average annual PV generation growth should be 25 % in the period
2022-2030.

4.2. Knowledge gap & public acceptance

The real challenge in the APV sector is that there is definitely a gap in
knowledge in both sectors (energy and agriculture). It is evident that
Solar PV researchers do not possess a concrete knowledge of agriculture
likewise agricultural researchers do not possess knowledge of the PV
system. Thus, cross/interdisciplinary knowledge sharing is essential to
have better success in the future. Except for a few countries (Japan,
Germany, Italy), most of the countries don’t have any scheme or regu-
lation or policy for APV. More knowledge exchange should be taken
place. Initiatives should come from different ministries such as finance,
energy, and agriculture. Local land use policies are not often clear which
is one of the bottlenecks for the growth of APV. Awareness of these can
also help significantly for those countries that are under the low eco-
nomic zone where theft of PV panels is common [16]. The economic
analysis of APV implementation worldwide is very crucial for the
farmers, research & development, and investors.

Landscape issue for APV application is not widely studied but one
study argued that this can have potential issues and can be an obstacle to
public acceptance. APV can have a negative impact due to the elevated
PV structure on the natural landscape This elevation is clearly visible
from a distance [146]. Table 6 listed the scope to mitigate challenges
from APV by improving design and technology.

Table 6
Scope to mitigate challenges from APV by improving design and technology.

Challenges Solution by improved Solution by improved
design technology
Maximize Tilt angle close to latitude Semi-transparent type PV, LSC
electricity Avoid shading from the other  can be helpful.
generation modules and crops
Maximize crop Need knowledge of shade- If the crops are shade
production tolerant and intolerant crops. intolerant, the choice should
Depending on the crops PV be vertical bifacial PV.In
can be selected for vertical or shade-tolerant crops, suitable
tilted orientation semi-transparent PV is needed.
Public Lower reflection and more Finding appropriate crops for
acceptance improved design are the location and based on the

essential.

light requirement choosing the
PV
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4.3. APV for rural electrification

Globally, supplying grid electricity to rural locations is a particular
challenge. Countries such as the African continent [13] and South East
Asia face this trouble and many are still under no electricity or partly
electricity conditions. On the other hand, electrifying the transport
sector is also growing simultaneously and is of utmost priority for most
of the countries. Most often travellers from urban places use EVs but lack
interest in using them for the long run and specifically to go to rural
locations [60,124]. Also, the investigation of the use of EVs in rural areas
is very limited [85].

Both issues can be solved by employing APVs in rural locations. To
electrify rural locations, off-grid small or large-scale renewable energy
sources can be potential, and solar energy particularly can be the best
solution [116,117]. In rural areas where the agricultural land capacity is
higher, developing large-scale solar parks is an issue that can be miti-
gated by employing APV systems [154]. The presence of APVs can
supply electricity to those areas. On the other hand, for a battery EV, a
charging facility is essential. Most of the EV charging stations are
powered by grid electricity. However, PV systems can also be a source
for this type of charging station [12,128,28,164]. There is a possibility to
charge EV charging stations with APV systems as well. In this way,
customer unwillingness to drive EVs in rural areas will be reduced.

A recent investigation in the Philippines showed that 10 % of APV
integration in the Philippines can produce 95.75 TWh energy which can
eliminate even the official carbon emission target of the country [69]. A
simulation study of the village of Dar Es Salam in Niger west Africa
showed that the installation APV system can produce 323 kWh/ year
energy which can be potential to supply the electricity of a village
having 400 households [25]. Agir et al. [4] conducted real-time in-
terviews with farmers in Turkey to investigate the perspective of APV.
Farmers showed a positive attitude towards APV as they believed that
APV would reduce the grid power dependency. Crop production and
power generation in the same land concomitantly will enhance their
overall income.

4.4. Economic aspect

Financial and economic analysis on APV is very limited. In addition,
economic viability is investigated with only a few corps. APV needs
long-term investment while most analysis has concentrated on short-
term outcomes. The degradation of PV due to long-term exposure to
outdoor conditions should also be into consideration. A universal
framework for any location and any type of APV system will be bene-
ficial however due to the use of various types of crops and PV, this is a
hard task. Fig. 12 shows the estimated cost analysis using LCOE for
various ground-mounted and APV systems that are suitable for Ger-
many. It seems that APV for arable farming has higher LCOE than
ground-mounted PV. The costs for APVs are variable factors and depend
highly on the installed capacity of PV, type of used PV systems, agri-
cultural activity, and position. In general, the acquisition cost is usually
higher compared to a conventional ground-mounted PV system as it
needs a higher substructure to place the PV modules. The spacing be-
tween the two PV systems and the clearance height both contribute
significantly to the substructure cost. The use of more manual activities
or smaller machinery for farming can abate the overall cost for APV.
Perennial row crops also provide cost advantages, because the sub-
structure posts can be integrated into the rows with no appreciable loss
of acreage.

5. Discussion & perspective

This section will discuss the policy for APV’s growth, APV’s relation
to SDG, the future market for APV, and the perspective for the pro-
gression of APV.

Policy
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Fig. 12. Comparison of estimated levelized costs of electricity (LCOE) for APV and ground-mounted PV. Redrawn from [76].

A tangible policy is a precondition to the further development of APV
and success in the future. Presently no international standard is present
to guide the installation process of APV systems. Recently only Germany
developed a new technical specification DIN SPEC 91434 [1] which
seems to be too site-specific [50]. The primary factor that must be kept
in mind is that during the making of standards, the inclusion of agri-
culture and PV should be done concomitantly. The different plant has
different light-absorbing capacity. Farmers must be at the centre of APV
developments. To boost this sector, at the beginning subsidy scheme can
be started. Such an approach can definitely benefit the farmer’s income
and draw attention to PV and agriculture both sectors. In countries like
India, government schemes are present such as Pradhan Mantri Kisan
Urja Kisan Suraksha Evam Utthan Mahabhiyan where farmers can get
support for solar power pumps for farming. From 2019 this scheme will
be available where farmers in the barren land can get support to install
up to 10,000 MW of solar pumps. This will definitely help to achieve
India’s 2050 non-fossil fuel energy generation target. A similar concept
can be adopted for APV as well. French Standardization Association only
allows land for APV if the reference yield from that land is a minimum of
80 % which is also the case for Japan. In Germany, according to DIN
SPEC 91434 this is 66 %. In 2022, Italy published “Guidelines for The
Design, Construction, and Operation of Agrovoltaic Plants” which
clearly indicates that for APV 70 % of the area must have solar PV. A
similar type of written criteria is useful for landowners or business de-
velopers to select the land for APV. A recent work reviewed and com-
mented that the existing policies for land legislation, frameworks, and
guidelines for land utilization can be used for APV by changing slightly
[81]. However, trouble will still be there in developing a universal
policy as the APV projects differ from country to country and one single
criterion will not be suitable for every country.

Relation to SDG

APV is probably one of the best suitable PV technologies that satisfies
at least two SDGs directly by generating benign electricity (SDG 7) and
producing food (SDG 2), abating the competition between land for en-
ergy and food. In addition, APV maintains a satisfactory relationship
between irrigation water saving, crop production, and electricity pro-
duction. APV also opens up the possibility of engaging women in social
development (SDG 5 & 8). In rural areas where land is available for
agriculture, the inclusion of the APV system create a micro business that
can offer job opportunities for women worker. In India, in one village in
Gujrat state, this scope has already been proven. For this particular APV,
215 people from four villages in Aravali foothills got a job [121].

15

Conventional solar farms stop agricultural employment which is not the
case for the APV as the presence of agriculture jobs is secured. Also, it
helps farmers to improve the food miles and provide fresh food. Fresh
food definitely has health benefits, but APV, offsets pollution that is
directly also linked to human health. APV reduces land area conflicts
which counteract the development of non-developed land for green
energy purposes and farming. Thus, it also targets SDG 15 which tackles
Life on land. As APV opens up new research and developments, there is a
scope to enhance the industry with innovation that can meet SDG 9.
Integration of agriculture and energy will facilitate sustainable food
production in a responsible way which can meet SDG 12 (Responsible
consumption).

Future market

Allied Analytics which is an India-based market research company,
forecasted that APV will be a market of USD 9.3 billion by 2031. Its
compound annual growth rate (CAGR) will be 10.1 % from now to 2030.
According to them, the major market developers are BayWa, Enel Green
Power, Insolight SA, JA Solar, Mirai Solar, Namaste Solar, Ombrea,
Sun’Agri and Next2Sun, Sunseed APV [130].

Precedence market research group predicted that by 2030 the global
APV market share will be close to 8.9 billion USD having a CAGR of
12.15 % as shown in Fig. 13. Another market research group MarkeNtel
also forecasted by using historical data from 2017 to 2020 and predicted
that by 2027 the CAGR will be 38 %. [3]. “UnivDatos Market insights” a
market research group predicted a 45 % CAGR during the forecasted
year of 2021-2027. Hence, it is clearly evident from all the market
research groups that the APV system has huge significance and in the
future, more and more installation is expected globally [79].

Perspective: To have better success in APV, consistent support for
every APV project is essential. Communication between various sectors
such as location finding, geospatial panning, and PV experts all must
work together in a fast-track mode. APV has a win-win possibility hence
it is a combination of energy-food security, conserving water, offering
reliability and independence, and helping to mitigate climate change.
Thus helping to meet all the SDGs. It is undoubtedly said that Research
and Development, Education and awareness of the community, strict
regulation and policies for APV technology, standards for APV tech-
nology application, and financial incentives for adopting APVs are
essential policies for promoting APV development. APV works as an
interface between two central systems and a lack of understanding of
“the other system” is a key barrier to APV diffusion. The environmental
and ecological impact study is also essential for APV. However, the use
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Fig. 13. APV market size according to Precedence Research. (Research, 2022) [131].

of LER is often criticized because the reference case, converting farm-
land to a regular PV park is not actually allowed. LER does not consider
investment costs and is not a useful parameter for decision-making. LER
assigns equal justification for crop and PV. If LER is higher, means one is
increasing by abating the value for the other which should not be the
case. Also if ecovoltaics are considered how PV panel will have an
impact on humidity, radiation balance temperature, turbulence and
wind turbulence inside and outside PV systems are still an area that must
have deeper attention. Ground-mounted solar has the lowest installation
costs and is ideal for fast deployment on large scale, but requires land
which, in contrast to roof-mounted solar, has value for other purposes,
spanning from agriculture and forestry to recreational, aesthetical, and
preservation of natural habitats which must be appreciated for APV. For
rural electrification with an off-grid system, APV can be the best option.

6. Conclusions

In this work, a comprehensive review based on the agrivoltaic/
agriphotovoltaic (APV) system has been performed focusing on its
implication for the United Nations SDG goals. Agrivoltaic/agriphoto-
voltaics (APV) are probably one of the best solutions in the near future
where food security and energy security both can be achieved by using
single land. Though APV is promising and can meet the majority of the
SDG goals, the nexus between the production of electricity production,
crops, and savings of irrigation water must need further investigation
through R&D and pilot schemes. Bifacial vertically placed PV or semi-
transparent PVs can be the best-suited PV system for APV application.
Shade tolerant and intolerant both need photosynthetically active ra-
diation (PAR) at a certain level for the growth of the crops. Low-cost PV
mounting which is also beneficial for agricultural land must be in pri-
ority for APV design.

So far the limitations of APV systems are

Technological barriers: Due to the high initial cost, combined robust
integrated PV-crop simulation software tool development is essential
which will give liberties to the solar researcher and farmers and other
stakeholders a clear forecasted analysis for the farms before real
experiment or investment.

Economic barriers: Overall cost analysis is missing from most of the
APV studies. Also, LCOE is the only study that has been considered in
a few studies for economic analysis. Considering PV degradation and
crop rotation more depth study is essential. This will also be bene-
ficial for societal factor

e Societal barriers: Huge initial costs and blocked landscape will
definitely be a factor that will demotivate most of the agricultural
land owners. In this context, a strict policy and government support
will definitely help and full economic benefits availability will also
help them to understand the APV scenario.

Undoubtedly the current global energy crisis and its growing chal-
lenges can be solved by employing the APV system.
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