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Agrivoltaics (AV) systems are the simultaneous land utilization for sustainable energy and food production.
However, AV may not be suitable for some crops that require rigorous pest management. This study has applied
an innovative approach, combining AV with an insect net house to cultivate capsicum. The 1.8 kW AV system has
been installed at a 3-m elevation to facilitate unrestricted tractor manoeuvrability for various farming operations.
The structure can withstand winds as high as 140.4 km/h. The system has a 3,612-kWh energy capacity and a

51.41 kg food production capacity. The system’s energy and food conversion efficiency are 14.09 % and 154.8 %,
respectively, compared to the traditional systems. Economic metrics like a 2.20 benefit-cost ratio and a 9.39-year
payback period have been included in the findings. Further, the land equivalence ratio is 1.97, indicating a better
system than traditional AV and agriculture approaches.

1. Introduction

Researchers have observed a substantial increase in investments in
sustainable energy as economies recover from the pandemic and to
handle the worldwide shortage of energy. Compared to 2021 statistics,
annual investments in renewable energy have shown significant growth
compared to investments in fossil fuels (24 % versus 15 %) in 2023 [1].
Projections indicate that the energy sector will see a total investment of
2.8 trillion USD by 2023. Funding for clean energy, which includes
nuclear power, power storage, grids, low-emission fuels, and efficiency
enhancements, amounts to over 1.7 trillion USD [1]. Fossil energy and
electricity will get just over $1 trillion in funding, of which coal will
make up 15 %, and gas and oil for the remaining. The proportion of fossil
fuel investments to those made in renewable, green energy is 1.7:1,
marking a shift from a 1:1 ratio just five years ago [1]. Several factors
have contributed to this surge in renewable energy investments. Among
these are improved economics in the context of fluctuating fossil fuel
costs and increased efforts in Europe, Japan, China, and other regions.
Goals for energy security and the environment are closely aligned,
especially in economies that depend heavily on imports. It is projected
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that over 90 % of the entire investment in energy generation will go
towards low-emission power by 2023-24 [1]. Solar energy stands out,
with over USD 1 billion per day anticipated to be made in energy from
sun in 2023, surpassing spending on upstream oil for the first time [1].
China and the European Union are leading the world in annual clean
energy investments, as depicted in Fig. 1.

Most clean energy investments are directed towards the solar energy
sector and electric vehicles. Key components of the solar energy sector
include solar power plants, off-grid systems, pumping systems, rooftops,
etc. However, the installation of a large number of solar plants requires
more land than conventional power plants. To address these land issues
AV systems are being introduced as an emerging technology worldwide.

Agrivoltaic systems are being investigated to optimize the applica-
tion of agricultural land and combine crop production with the gener-
ation of solar energy from the same piece of land [2]. Standard
agricultural machinery can be used beneath the PV modules which are
elevated to a certain height above the earth’s surface. When building
photovoltaic facilities technical adjustments can be made to retain as
much as 60-70 % of the Photovoltaic active radiation (PAR) that reaches
the plants below the AV [3,4]. This approach allows for a simultaneous
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Fig. 1. Annual clean energy investment throughout the world.

increase in land productivity and farm revenue by achieving sufficient
power yields [5]. Evaluating the suitability of AVs in agricultural sys-
tems necessitates an examination of how they affect microclimatic
conditions and crop yields. Nevertheless, there is a shortage of scientific
literature investigating AVs’ influence on agricultural yields in the
context of microclimatic variations [2]. Although AV systems research
has mainly focused on modelling and simulations, there is still a dearth
of real-world experimental data accessible for analysis [6,7].
Agrivoltaic systems have been used to cultivate a variety of lettuce
cultivars in one of the few studies carried out with actual field trials. The
findings showed that the harvestable yields had not been significantly
impacted by the photovoltaic modules above despite the results
changing according to the particular lettuce cultivar and the spacing
between these modules [8]. In the semi-shaded area near the AV facility,
there has been a decrease in water loss due to evapotranspiration [9].
Other microclimatic parameters, such as humidity and air temperature,
have not changed much except for reduced solar radiation and soil
temperature in the presence of AV [10]. The primary method for eval-
uating the effects of AV is modelling research, except for specific crops
like maize and lettuce, as shown by the study conducted in 2019 [11].
Furthermore, studies of horticultural crops such as cherry tomatoes and
chiltepin peppers also provide insights beyond modelling study [12].
Through simulations using a 40-year climate dataset, researchers
found that non-irrigated conditions increased maize grain yields when
employing AV. Grain yields experienced a decline when subjected to
irrigation [13]. Conversely, researchers have determined that a 20 %
reduction in sunlight exposure would correspond to a 20 % decline in
rice production outputs [14]. Studies in artificial or organic shading
environments like those in agroforestry systems can offer essential in-
sights because crop production under AV is anticipated to be primarily
limited by reduced solar radiation [15,16]. Depending on the strength
and timing of applying shade, winter wheat has exhibited grain pro-
duction reductions of up to 50 % [17]. However, it’s important to
remember that mild shadowing has been shown to boost wheat grain
yields [18]. Concerning potatoes comparable findings have been shown
with increased shading leading to reductions in tuber quantity and
overall tuber yields [19]. However, shading had been observed to boost
potato tuber yields in places with higher solar exposure when applied
during specific developmental periods or times of the day [20]. Grass
crops respond to shade more differently than other crops , exhibiting
both increases and declines in output , highlighting the significance of
the kind of plant under study and the local climate [21]. The majority of
this research uses shade via netting structures, which results in differ-
ences in microclimatic conditions and shading patterns, which has
limited the application of the results [2]. Simultaneously, a
socio-techno-economic assessment has been carried out to develop a
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suitable sustainable energy system for remote agricultural areas in
developing nations with the result that people can use their farming land
to eliminate their reliance on LPG for cooking and electricity for energy
[22].

Another study is going on spectral-splitting concentrator agrivoltaics
(SCAPV), which may efficiently absorb extra light energy from photo-
synthetic processes for solar power generation without affecting plant
production. SCAPV reflects the remaining light spectrum to produce
power while transmitting a specific light spectrum for plant develop-
ment. According to field tests, SCAPV may reduce plant heat dissipation
by around 50 % and increase plant biomass by 13 %. Meanwhile, SCAPV
has the most excellent solar energy efficiency at 9.9 %. The total effi-
ciency of solar energy conversion exceeds the photosynthesis’s theo-
retical limit [23].

Collaborative production occurs when photovoltaics manage
greenhouse temperature, humidity, and light intensity. A solar system
installed on a greenhouse roof is one example of this [24]. In one study,
researchers looked at how solar radiation distribution in greenhouses
affected petunias and berries’ growth. Flexible and permanent photo-
voltaic panels use 20 % of the rooftop space. No statistically significant
difference exists between the plant growth rates in the controlled plots
and greenhouses and those in the non-photovoltaic greenhouse. How-
ever, there has been a difference in the greenhouses’ lowering of solar
radiation intensity [25]. Another group of researchers looked at the
effects of having flexible solar cells shade rooftops on tomatoes’ crop
output and physical traits, comparing them to tomatoes grown in a
greenhouse culture. In terms of their morphological characteristics or
yields, no statistically significant changes had been found after 193 days
between the tomatoes from solar greenhouses and open fields. Tomatoes
produced in the PV greenhouse had a 0.3 brix greater total soluble solids
content than tomatoes grown in the control plots [26]. Another
researcher studied the distribution of humidity, temperature changes,
and sun light inside a PV greenhouse. Half of the roof of this greenhouse
is covered with solar panels a total of 68 kWp in capacity. These solar
panels reduced the intensity of sun light on the rooftop by 64 %. It has
been observed that solar radiation has stronger on the sidewalls of the
greenhouse and weaker in the central area. However, during the winter
season there has been no significant difference in solar intensity between
the rows of plants. As a result, to choose the best cropping pattern and
design of PV greenhouse the distribution of solar radiation has been
analysed [27].

Field tests are necessary to gather reliable information on how AV
technology affects crop productivity in different locations. Table 1 dis-
plays the outcomes of experimental studies performed by various na-
tions under different environmental conditions and with various AV
specifications. Most of the experimental work has been carried out in
European and Asian countries.

Simultaneously, according to the Information from the Energy Ad-
ministration’s (EIA) 2022 report in the United States, utility-scale
electric power plants with a minimum capacity of 1 MW generated
roughly 4.11 trillion kWh of electricity from various energy sources in
2021. This activity released an estimated 1.65 to 1.82 billion Mt (metric
tons) of carbon dioxide (CO2) emissions. This equates to approximately
emission of 0.371 kg of CO5 per kWh of electricity [28]. As a result, this
research can help to achieve the following SDGs: SDG 7 ("Clean Energy")
by reducing carbon emissions through the generation of clean and sus-
tainable energy, SDG 8 ("Decent Work and Economic Growth") by
providing farmers with a dual income stream and SDG 13 ("Climate
Action") by reducing carbon emissions.

Conventional AV and AV with greenhouse systems have a few dis-
advantages. These are (1) normal AV cannot control microclimate,
which reduces crop productivity; (2) normal AV fails to control pests and
insects, which further reduces crop output, and (3) AV with greenhouses
is the only realistic option for microclimate control, but it can be pro-
hibitively expensive for small-scale farmers. To overcome these chal-
lenges, an innovative AV integration solution termed an AV insect net
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Table 1 Table 1 (continued)
T.he output o.f .ex;.)erlmental research conducted by different nations under Reference  Country/ Specification of Crops Findings
different specifications of AV systems. Year AV system
Reference  Country/ Specification of Crops Findings soybean yields
Year AV system by 18-20 %, and
[2] Germany/  Distance Celery Under panels, rice yields by
2021 between rows: crop height 13-30 %.
9.5 m (2.8 times increased by 14 [33] Italy/ Height between Soybean The plant
the width of the % but bulk yield 2022 4 and 4.5 metres lengths were
module row) 5.5 dropped by 18.9 There are 12 recorded under
m/8 m (open % in 2017 While metres between panels at 9 %
area facing the crop height and each row of shade (98.25
work/top edge). bulk yield tracker panels. cm), 27 % shade
increased by There are four (90.81 cm), 18 %
30.6 % and 11.8 treatments shade (86.95
9% respectively in applied: 27 %, 16 cm), and 16 %
2018. %, 9 % and 18 % shade (87.8 cm).
[29] South 5.42 m in height, ~ Mung bean, Shade reduced shade. The stuqy found
Korea/ with 32 %, 25.6 Sesame, corn,  yields of sesame, that gra'ln
2021 % and 21.3 % soybean and soybean, mung Producnon
shading rates. kidney bean beans, and mc'reased by 4.4
kidney beans by % in 16 % of
7 %, 13 %, 21 % shaded
and 26 % treatments
respectively at compared to sun
21.3 % shedding. light conditions,
Sesame but decreased in
production the rest of the
dropped by 53 % treatments.
at 32 % shading [34] India/ The SPV Turmeric Increased food
and 30-44 % for 2022 structure’s and energy
other crops bottom and output. The
whereas Maize upper edge payback period
yields increased heights has been has been 9.49
by 6 % at 25.6 % 0.46 m and 1.68 years, with a
shading. m accordingly. 1.73 LER.
[30] Spain/ 5 m height, 27° Potato is Crop yields have The distance
2021 tilt and 9.5 m alternated been reduced for between rows
spacing between with oilseed Carrot, maize, have been
supported rape, onion, melon, rape, 0.65m.
structures. faba beanand  onion, dry pea,
fodder maize. potato and
dry pea, tomato by 10 %, house is required. It serves the dual purpose of an AV and an insect net
tomato, 17 %, 7 %, 20 %, house system. However, no research has been conducted on AV insect
m‘“jo“’ onion 6 03”523 %, 15 % net house systems.
and carrot an . . . . .
respecﬁiely This research aims to replace conventional insect net houses with
under shade. more reliable AV insect net houses and examine how this facility affects
[31] South 3.3 metre in Forage crops:  Underneath the crop output and microclimate conditions in India. AV insect net house is
Korea/ height, 1.5 m rice, onion, panels, rice plant a workable plan to achieve self-sufficiency, increase electricity inde-
2022 iz:\zzi :etween fj;;ga Irlye’ xfg}fﬁ(ﬁ;r;zz pendence from fossil fuels and supporting sustainable development
Shading at a 30 bean ané up by 3.8 cm and goals. The study has been conducted at the Junagadh agricultural uni-
% rate. maize 7.4m versity’s research farm to test the technology under realistic circum-
respectively. stances. The significant contributions of our research in this context are:
Rice production
decreased b . . .
18.7 % in 2(};1 s 1. Innovative AV insect net house system for enhancing energy-food
and 8.9 % in production.
2019, while bean 2. Elevated structure for better agricultural activities on the same land
and soybean use.
g:;‘rj::st:;“b 3. Chessboard pattern of the solar panel configuration is used for
73.3 % and };8‘7 maximum energy harvesting, resulting in better techno-economic
%, respectively, performance of the AV insect net house.
while onion and
garlic output As per the experimental output, both medium and large-scale AV
decreased by . h be ad d for fi inable d 1
14.6 % and 18.7 insect net houses can be adopted for future sustainable development
%. worldwide.
[32] South Structure’s Potato, Except for
Korea/ height is between  soybean, sesame no effect 2. Materials and methods
2022 4 and 5 metres. sesame and on growth.
rice Potato yields . .
Y The experiments on developing an AV Insect net house have been
have been p ping

reduced by 3 %,
sesame by 19 %,

conducted at the experimental research farm in Junagadh agricultural
University (21.5° N, 70.1°E). This location undergoes a tropical dry and
wet environment that also leans towards warn semi-arid climate
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featuring two well-defined periods: a rainy season that runs from June to
September and a dry season that runs from October to May. The nearby
Arabian Sea notably influence the climate. In the summer, the temper-
ature typically varies between 28 and 38 °C (82 to 100°F), while the
average solar radiation ranges from 5 to 8 kWh/m?/day. During winter,
temperatures usually range between 10 and 25 °C (50 and 77° Fahren-
heit). From June through September, the city encounters precipitation
caused by the southwest monsoon, with an annual average that falls
within the range of 800 to 1200 mm (31 to 47 in).

The initial step in creating an AV insect net house involves assessing
the arrangement of solar panels. There are generally two prevalent solar
photovoltaic panel layouts in use. The first uses a full-density design
while the other uses a half-density (HD) arrangement. The extensive
shading caused by the full-density (FD) design of solar panels on the
ground can impede plants’ photosynthesis, leading to slower plant
growth and diminished crop yields. It’s crucial to give the right cir-
cumstances for the growth of vegetables and commercial agricultural
crops; sunlight plays a vital role in this process. The chessboard pattern
has been used in the current study’s solar panel configuration to improve
the system’s performance. This configuration minimizes shading on the
ground facilitating better plant growth.

The annual path of the sun in the northern hemisphere, as depicted in
Fig. 2, guides the optimal positioning of solar panels to maximize power
generation. The sun’s path is a little bit lower in the southern sky
because India is located in the northern hemisphere. To account for this
solar panels are usually set to face south and are generally fixed at an
angle of approximately +5° from the latitude with an additional incli-
nation of 19.75°. The specifics regarding the solar panel configuration
can be found in Fig. 3.

Researchers are calculating the shading pattern on the 21st of
December when the location of the sun is at peak declination position of
—23.44° The shading pattern at peak declination and at 9am is longest
throughout the year. If researchers take into account their row-to-row
measurements on this day, then no shadow will cross over into
another panel for the whole year. Initially, the slanted length of the
shadow is calculated by researchers using the sun altitude angle as
shown in Fig. 4. The azimuth and altitude angles for December 21st at
9am are 137.37° and 18.58° respectively. Thus, researchers have two
triangles to measure the shadow’s most significant length. To allow for a
range of tractor-operated agricultural operations the structure’s height
has been fixed at 3 m.

Solar panel’s slant shadow is calculated using Eqs. (1)-3. At the same
time, the row-to-row distance may be calculated using Eqs. (4) and 5.
The solar azimuth and latitude angles determine the row-to-row dis-
tance of the panel, which researchers adjusted to 1.37 m for ease of
panel cleaning and to maximize solar radiation. The panels are spaced

Northern Sun at Sun at the equinoxes
Hemisphere summer (declination = 0)
solstice
(declination = \ {3_ Sun at
winter
Celestial solstice
Pole (declination = -23.5

Iamudef

Horizontal plane

Fig. 2. Illustrates the variation in the sun’s declination over a year.
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Height of Structure

Max Spfadow Le
Y

7
180-Azimuth angle =>[7

/Altitude angle at9am

/  December 21

Fig. 4. Illustrate the sun angles that represent its location on 21st December.

0.67 m apart to create a structure that resembles a chessboard. An AV
insect net house’s conceptual view (see Fig. 5) is explained in detail.
Calculation of sun angles

_ . [360 x (284 + d)

& = 23.45sin [T] (@)
Where,

d day count from 1st January

sina = sinL,sind + cosLy,cosé cosh 2
Where,

o Solar altitude angle

Liat latitude of the location

h Hour angle

8 Solar declination angle

Tan a =H/S 3
Where,

H Height of AV

S Slant length of shadow

cos (Az) = (sina x sinLg — sind) / cosa * cosLiy) (€))
Where,
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Concept

Solar power plant
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Advantages

* Dual use of Land (Agrivoltaic + Insect net
house)

+ Suitable for cultivation of crop that require
higher pest and insect management.

* Low i cost as comp to green
house

L

4

Agriculture
Agrivoltaics

which required high insect and
pest management

Green house

Limitation Strengths
* No control over microclimate Limitation + AVI house can help to achieve UN'’s sustainable goal SDG 7
* Not suitable for cultivate crop | | * High capital and mail cost. “Affordable and Clean Energy” by generating clean energy,

* Not suitable for marginal farmers.

Agrivoltaic insect net house system

SDG 8 “Decent work and economic growth” by providing a
dual revenue stream for farmers and SDG 13 “Climate

Action” by reducing carbon emission.

Fig. 5. Conceptual view of the AV insect net house.

Az Solar azimuth angle
o Solar altitude angle
Liat latitude of the location
S Solar declination angle

Sin (180 — Az) = Maximum shadow length/S;

Maximum shadow length (m) = Sin (180 — Az) *S; Q)

The AV insect net house has undergone a structural analysis utilizing
Design Pro software to enhance the choice of materials. The design
considers a maximum wind velocity of 140.4 km/h (39 m s'l), the
highest wind speed expected in the Junagadh region. The structural
components are made using various dimensions of CRC pipes, as out-
lined in Table 2. The selection of these particular material dimensions
for the structure installation, which can withstand wind velocity of
about 140.4 km/h. The AV structure comprises 692.50 kg of yst-310
grade square pipes, which have been carefully selected for their suit-
ability in this design.

2.1. Crop cultivation

The capsicum crop has been used to test the insect net house as it has
market demand, climatic adaptability, better yields, and pest manage-
ment. Krishna (Pahuja), an F1 hybrid capsicum variety, has been chosen
as the sowing variety. The month of October has been chosen as the
sowing season. However, the researcher planted the crop in December
and harvested it through the end of March. Traditional farming tech-
niques have been employed to cultivate the crops.

Table 2
Materials with specifications utilised in structure.

Component  CRC Square Pipes (All Dimensions Kg m™ Total
dimensions are in mm) (m) (kg) (kg)
Columns 100 x 100 x 4 12.00 11.73 140.76
Beam 72 x 72 x 4 24.28 8.22 199.58
Main 50 x 50 x 4 32.88 4.98 163.75
Frame
Purlin 50 x 25 x 4 48.56 3.88 188.41
Total 692.50

2.2. Land equivalent ratio (LER)

LER is a metric employed to evaluate land productivity in the context
of mixed cropping systems [35]. This indicator enables the assessment of
how the combined productivity of different crops or a combination of
trees and crops compares to that of monocultures when cultivated on the
same land area. The utility of LER extends to various systems where two
or more types of production are integrated on the same land unit. This
concept has been proposed for application in novel AV insect net house
systems, allowing for calculating the LER for such systems using Eq. (6).

LER = Ycropin AVI / Ymonocrop + Yelectricity AVI / Yelectricity PV (6)

Where,
Yeropin avi Crop yield inside AV net house (kg),
Ymonocrop  Crop yield in open field (kg),
Yelectricity avi Total power output from AV net house (kWh),
Yelecrricity b~ Total power output from traditional photovoltaic system
(kWh).
Here in this case researchers always get >1 LER because of adding
the generation of electricity to the crop cultivation ration.

2.3. Performance parameters of AV insect net house

The AV insect net house performance has been assessed in accor-
dance with guidelines provided by the International Energy Agency
(IEA). Schematic diagram of an AV insect net house is shown in Fig. 6.
The formula used to evaluate the relevant parameters is as follows: [36,

AN
I

Inverter
T T
THHTTH AC B Grid
DC
Current out
@ DC Current In ﬁ
[

Fig. 6. Schematic diagram of AV insect net house.
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Power output from the AV insect net house can be calculated using
Eq. (7).

P=VxI @)

Where P= Power output of solar module (W),

V= Voltage output (V),

I= Current output (A).

The formulas for the total output energy daily (represented as Eac,q)
and monthly (represented as Exc,m) are given in Eq. (8).

24 n
Eaca) = Z Eacy: Eacm) = Z Eaca ®
=1 d=1
Where,
n Total days in month,
E(acy) Hourly energy output (AC) (kW h),

Daily energy output (AC) (kW h),
Eacm) Monthly energy output (AC) (kW h),

The energy production has been determined by calculating the
power generated by the AV insect net house system in 30-minute in-
tervals using the inverter. The ultimate efficiency, referred to as the
cumulative AC energy produced by the SPV power plant over a specified
time frame (whether it’s a day, a month, or a year), is calculated by
dividing this total by the rated output capacity of the installed PV sys-
tem, as expressed in Eq. (9).

Eaca)

EAC

Poy Rated

Yy = 9

Where,

Y Final yield (kW h/kWp),
Eac Output energy (AC) (kWh),
Ppyratea Output power (kWp).

The proportion of the total solar insolation in plane (H) by the
reference irradiance (G) is known as the reference yield. This parameter
signifies the equivalence in the amount of time solar energy is received
at the reference irradiance level, and it can be expressed using Eq. (10).

H,
Y, =t 1
G (10)
Where,
Yr Reference yield (h)
H; Solar insolation (kW h/mz),
G Reference irradiance (kW,/m?2).

The ratio of final yield (Yg) to the reference yield (Yg) is known as
performance ratio (PR) [38]. It signifies the overall losses within the
system during the conversion process from DC rating to AC output. In
mathematical terms, the PR can be represented as Eq. (11).

Y
PR (%) :Yix 100 an
R

The ratio of the actual annual energy output (Esc,) of the AV insect
net house system to the output of the same PV at full rated power (PV,
rated) (24 h/day) for year is called capacity factor (CF). Capacity factor
can be calculated using Eq. (12).

Exca x 100 (12)

CF = —— A ___
Ppyva x 8760

Where,
CF Capacity factor (%),
E(aca) Output energy (annual) (kW h),
Ppva Output energy at full rated power (annual) (kW h).

The ratio of actual energy output per unit area to the total in-plane
solar radiation is known as system efficiency. The system efficiency
can be calculate using Eq.13.

Results in Engineering 24 (2024) 103228

o, 1 = %x 100 a3)
Where,

Nsys,m Efficiency (monthly) (%),

Eacm)  Output energy (monthly) (kW h),

H; In-plane solar insolation (kW h/mz),

An Area (mz).

2.3.1. Financial metrics

After deducting the seasonal salvage value, the production cost is the
sum of the fixed, maintenance, and operating costs. It can be evaluate
using Eq. (14). The AV insect net house system’s fixed cost has been
calculated using formula 15.

Production cost (PC) = FC + MC +0OC — SSV a4

Where,
FC Fixed cost (INR/area),
MC Cost of maintenance (INR/area),
oC Cost of operation (INR/area),
SSV Seasonal salvage value (INR/area).

Fixed Cost, FC = AC
Here, AC = CRFuy; x Clay;
ii+1)"

CRF = ————
i+1)" -1 as)
0.09 (0.09 +1)®
CREyy — 200 (009 + 1) : "~ 0102
(0.09+1)® -1
Where,
AC Annual cost,
CRF Capital recovery factor,
CI Capital investment,
n AV structure’s life span (25 years),
i Interest rate (9 % on CI).

The expenditure associated with upkeep throughout the experi-
mentation phase has been regarded as 2 % of the fixed expenditure. The
maintenance expenditure and the seasonal salvage value of the structure
have been assessed separately utilizing Eqs. (16) and 17.

MCuy; = 0.02 x FC (16)
SSV = ASV
Here, ASV = SFFay1 X SVaur
SSFaur — 1 a7
MTIE DT -1
SVani = 0.25 x FC
Where,
ASV Salvage value annually,
SSFayi  Salvage fund factor,

SVavi Salvage value
The cost of an insect net per year can be calculated using Eq. (18),
and the life of an insect net has been taken as 3 years.
Area of insect net x Cost of insect net

Cost of insect net = 18
Life span x Area of Insectnet house (18)

Gross revenue has been determined by considering the current
market price of the crop/energy as well as its production achieved per
unit area. The benefit-cost ratio is calculated by dividing the present
value of benefits by the present value of costs. A benefit-cost ratio of 1 or
higher indicates the project’s viability. The benefit-cost ratio (BCR) has
been calculated using Eq. (19).
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> B
Benefit — Cost Ratio = % 19
> C
t=1
Where,
B Benefit (INR),
C Cost (INR).

The ratio of the structure’s overall cost to the lucrative power or
agricultural output it produces has been used to assess the payback
period of the AV system. Eq. (20) has been used to compute the payback
period.

_ Capital Investment (INR)

Payback period (yr) = Net Profit (INR /yr) (20)

3. Results and discussion

A conceptual 3D model has been developed using Google Sketch Up
software based on the previously mentioned design, as depicted in
Fig. 5. After performing material calculations, the study team success-
fully constructed an AV insect net housing system. A photographic
representation of this system using the approach is presented in Fig. 7,
where the distance between rows is set at 1.37 m and the spacing be-
tween solar panels is set at 0.67 m. The 12 solar panels on the con-
structed AV insect net house at a height of 3 m.

Researchers measured daily solar radiation at 1h intervals using a
solar sun tracking device (see Fig. 8). The sun tracking system consists of
two devices: A first-class pyrheliometer (compliant with ISO 9060:1990
standards) is designed for measuring solar irradiance within a range of
0 to 4000 W/m? featuring a sensitivity range between 7 and 15 x 107° Vs
per W per square m. It can operate effectively in temperatures ranging
from —40 to +80 °C and is suitable for use under humidity conditions
ranging from O to 100 %. On the other hand, a pyranometer which
measures solar irradiance within the 0-4000 W/m? range and detects
radiation in the spectral range of 300-3000 nanometres has a sensitivity
of 1.0 millivolt per W per square m. It is designed to perform within a
temperature range of —35 to +60 °C and is also compatible with hu-
midity levels from 0 to 100 %. At the end of each day the results have
been summed up and transformed into kW/m? for that day. Data has
been retrieved from the data logger every other day using a LAN-
connected computer. The daily amount of available solar radiation is
between 5 and 8 kW/m? as shown in Fig. 9. This available radiation data
has been used to calculate the efficiency of a solar panel. Solar radiation
has been lower during the monsoon season due to a cloudy atmosphere
than during the other two seasons.
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The annual energy output from an AV insect net house calculated
using Egs. (7) and 8 is presented in Fig. 10, which displays the energy
generation for various months. The total energy generation from this
facility over the course of a year amounts to 3612.00 kWh, which is
higher than traditional power plants and normal agrivoltaic systems
[39]. This increased energy conversion is due to the cooling of solar
panels from the rear side by plant evapotranspiration. Therefore, the
energy conversion efficiency of the system is 14.09 %.

The PV system’s total AC energy production for a specific time frame
(daily, monthly or yearly) is determined by dividing it by the installed
solar photovoltaic power plant’s rated output power resulting in the
final yield (Yg). The whole daily solar irradiation expressed in kWhm?/
day is divided by the reference irradiation value of 1.0 kWm? to deter-
mine the reference yield (Yg). As a result, the reference yield may be
written as kWh (kW-day)~!, which is the number of hours per day
needed to obtain the observed incident energy at the reference irradi-
ance level. Performance ratio (PR) is the term used to describe the
relationship between the final yield (Yg) and the reference yield (Yg)
[41]. The total losses in the system are considered when converting the
DC rating to AC output. Depending on variables including location, solar
radiation, and weather, the performance ratio ranges typically from 0.6
to 0.8 [40,41]. The performance parameter values, shown in Figs 11 and
12, have been determined by applying Eqs. (9) to 13.

3.1. Economic evaluation of av insect net house

In the Indian market a kg of CRC pipe grade yst 310 costs 40 Indian
Rupees (1 INR = 0.12 USD). A forty-mesh insect net with a three-m span
has been used to build an insect net house. The cost of the insect net
determined by applying Eq. (18) is 30 INR per m?. In the AV insect net
house 12 SPV panels with a capacity of 150 W are employed at a cost of
3300 INR apiece. Additionally, there are estimated costs of 18,000 INR
for installation and the inverter. A detailed list of material requirements
and related expenses is provided in Table 3.

Using a 25-year life cycle for the solar power plant construction and a
3-year life span for the insect net, the economics of an AV insect net
house have been investigated [42]. This AV insect net house has been
put to trial for growing capsicum in the Saurashtra region. The growth of
the capsicum crop has been measured during the cultivation period in
the AV insect net house and open field, as shown in Fig. 13. It is observed
that the height of the capsicum crop is higher inside the AV insect net
house as compared to an open field. The photographic view of capsicum
production and growth parameters are shown in Fig. 14. The yield from
growing capsicum in the AV insect net house and open field has been
determined to be 15.60 Mt (51.41 kg) per hectare and 10.20 Mt per

Fig. 7. Experimental set-up of AV insect net house system.
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Fig. 10. Energy production from an AV power plant during various months.

hectare, respectively. The food conversion efficiency of the system is
154.8 % higher compared to traditional approach.

The LER is determined by multiplying the proportions of yields in
intercropped systems by the yield in a sole-crop scenario represented in
Eq. (6). In mixed cropping LER values typically range from 1.0 to 1.3
whereas agroforestry systems tend to exhibit LER values in the range of

1.1 to 1.5.

Here, Yeiectricity avi/Yelectricity pv = 0.5 for half density of AV insect net
house

LER = Ycropin AVI / Ymonocrop + Yelecm’city AVI / Yelectricity PV

For AV insect net house = 15.60/10.20 + 0.5 = 1.97
The LER of the system is 1.97 approximately double that of a single
land use for only one crop harvesting. The following cost components
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Table 3
Economics of material used in structure.
Name Quantity Cost (INR) Total (INR)
CRC pipes 692.50 kg 40/ kg 27,700.00
Solar panels 12.00 N 3300 / 39,600.00
panel
Installation of plant with inverter and 1.00 N 18,000 18,000.00
wiring
Insect net 105.80 30 / m? 3174.00
mZ
Total 88,474.00

Plant Growth Day After Transplanting

Number of leaves 45 DAT
Number of leaves 30 DAT
Number of leaves 15 DAT
Plant Height 60 DAT
Plant Height 45 DAT
Plant Height 30 DAT
Plant Height 15 DAT

Fig. 13. Growth parameters of capsicum cultivation.

= Open field ®AVI

listed in Table 4 has been considered to calculate the operational cost of
Capsicum cultivation as per National Horticultural board. Five-year
sensitivity analysis of capsicum price is given in Fig. 15 as per local
vegetable market. The price of capsicum in the market fluctuated be-
tween 22 and 30 INR from 2018 to 2022. Hence, the revenue generated
from the capsicum crop has been taken as 30 INR/kg.

The annual fixed cost of an AV structure is 273.76 INR/ m?, with
maintenance expenses amounting to 5.47 INR / m?, which equals 2 % of
the fixed cost as described in Egs. (15) and 16. Additionally, the AV
insect net house has a SSV of 87.90 INR / mz, asindicated in Eq. (17). So,
the production cost of the power plant on a yearly basis is 191.33 INR/
m2. On an annual basis, the total cost of production for the AV insect net
house system amounts to 223.43 INR/m?. Following the formula in Eq.
(8) this system yields a total of 109.57 kWh /m? per year leading to an
income of 383.50 INR /m? at a rate of 3.50 INR per kWh by the Indian
Government’s PM Kusum Yojna policy. Because only the 4 months of the
year have been used for the cultivation of the capsicum crop the pro-
duction costs and revenue costs of the AV insect net house are computed
on a seasonal basis. There are a total of three seasons and the revenue
and production cost for the AV insect net house system amount to
127.83 INR/m? and 74.47 INR/m? respectively. The economic calcula-
tion of capsicum cultivation under AV insect net house is shown in
Fig. 16 and Table 5. Benefit-to-cost ratio and the payback period of AV
insect net house have been calculated using Eqs. (19) and 20 respec-
tively. AV insect net house has a BCR of 2.20 and a PBP of 9.39 years.
Farmers with small land holdings can profitably utilize these AV insect
net house systems.

The AV insect net house system outperforms existing half and full-
density AV systems. As we all know, we can’t control insect and pest
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Fig. 14. Measurement of plant parameters.

Table 4
Investment for agricultural activities.

Items Investment (in INR)
Field preparation 6000
Nursery and planting/sowing 8000
Weeding 10,000
Plant protection 12,000
Fertilizers 8000
Wages 5000
Total per hectare 49,000
Total INR/m? 4.9
Capsicum (INR/Kg)
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Fig. 15. Sensitivity analysis of capsicum price over 5 years in Gujarat.

Agrivoltaic insectnet house system

M Gross revenue (INR/m2)  #Production cost (INR/m2) “BCR wPBP

Fig. 16. Performance of capsicum in AV insect net house system.

problems in AV systems; therefore, crop output suffers as a result. Re-
searchers achieved higher yields and a better land equivalence ratio in
the AV insect net house system. Therefore, the proposed approach of AV
insect house has been tested and validated for future studies and
development. Table 6 compares an experimental investigation of an AV
insect house with relevant research.
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The above results indicate a feasible and viable system for sustain-
able energy-food production and development of society.

3.2. Environmental management and societal benefits

e AV insect net house technology is a significant tool in the fight
against climate change as it uses solar energy to generate sustainable
power. This is essential for preserving human well-being, wildlife,
and the natural environment.

e Solar power has the potential to improve air quality and reduce

water usage linked to energy production.

The partial shading structure keeps moderate microclimate and aids

in the decrease of temperature in evapotranspiration process under

solar panels (by 1-2 °C), resulting in enhance energy-food yield.

AV insect net house system can help to achieve sustainable goals SDG

7 “Affordable and Clean Energy” by generating clean energy, SDG 8

“Decent work and economic growth” by giving a double revenue

stream for farmers and SDG 13 “Climate Action” by reducing carbon

emission.

e The idea of a net house is replaced by the AV insect net house system
in better sustainability towards society.

e Large-scale AV insect net house system can fulfill the world’s
tremendous energy and food demand.

4. Conclusion and recommendations

AV insect net house systems offer a compelling economic opportu-
nity for small-scale farmers. This innovative structure has 12 solar
panels, each generating 150 W of power. The total capacity of the solar
photovoltaic (SPV) system is 1.8 kW, efficiently distributed across an
area of 32.96 m?, resulting in a power density of 0.055 kW/m? The
structure stands at a height of 3 m, facilitating easy farm operations
within the system. Advanced structural analysis and design software
have been employed to calculate the ideal material strength to ensure its
stability in the face of strong winds at 140.4 km/hr. A total of 692.50 kg
of yst 310 grade square CRC pipe has been used to constructing the
structure. The AV insect net house system achieves peak efficiency at
14.09 % during February when clear skies prevail. This system’s land
equivalence ratio (LER) is an impressive 1.97, almost double that of
traditional single-use land for crop cultivation. It produces 3612 kWh of
electricity, equivalent to 109.57 kWh/m?, contributing to a reduction in
carbon emissions and providing the farmer with an additional income of
174.63 INR/m>. Farmers enjoy a net profit of 95.26 INR/m? throughout
the season. The BCR of the AV insect net house stands at 2.20, signifi-
cantly outperforming traditional greenhouses. This is attributed to the
ability of farmers to generate revenue from sustainable and clean elec-
tricity, unlike greenhouses, where income relies solely on food
production.

The AV insect net house system offers a revolutionary alternative to
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Table 5
Economics of capsicum cultivation under AV insect net house.
Seasonal gross revenue (INR/m?) Seasonal production cost (INR/m?) Net profit (INR/m?) BCR PBP
Crop Solar energy Total Crop Solar energy Total
AVS 46.80 127.83 174.63 4.90 74.47 79.37 95.26 2.20 9.39
draft, Methodology, Investigation.
Table 6
Experimental comparison between the AV insect house and related studies.
- Declaration of competing interest
Reference Crop Location/Year LER PBP
Proposed  Capsicum Gujarat, India/  1.97 9:39 “The authors declare that they have no known competing financial
work 2022 years interests or personal relationships that could have appeared to influence
[2] Celeriac Hohenheim, 1.31 - p i X p pp
Germany/ 2017 the work reported in this paper”.
Hohenheim, 1.62 -
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traditional net houses, making it a viable solution for small-scale
farmers. This innovation holds significant promise for rapidly growing
nations like India, grappling with escalating demands for both food and
energy. It is an advanced iteration of insect net houses providing a more
dependable means of producing clean energy for the community.
Notably, this technology contributes to India’s progress towards
achieving SDGs 7, 8, and 13.
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