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Abstract. The demand for food and energy is increasing fast, and their security has become
the prime issue in mainly developing countries like India. Agri-voltaic system has been pro-
posed as a hybrid system, combining photovoltaic with agriculture simultaneously on the
same land to capture solar energy for both energy generation and food production. The pre-
sent study examined the performance of the 100 kWp agri-voltaic systems at ICAR-CAZRI,
Jodhpur. Average PV generation from the 100 kWp AVS attached to the grid through a bi-
directional energy meter or net meter has been about 342 kWh day'. The average yield of
mung bean, moth bean, and cluster bean in inter-row spaces between the panels in the two-
row and three-row PV array was 1155, 670, and 2008 kg.ha', respectively. Thus, there were
4.6%, 8.6%, and 11.8% reductions in the yield of mung bean, moth bean, and cluster bean,
respectively, in inter-row spaces between the panels compared to control. During Rabi (Irri-
gated) 2021-22, the yield of chickpea, cumin, and isabgol (2490, 1000, and 700 kg ha™, re-
spectively) were lower in interspaces of the AVS than control (2670, 1120, and 760 kg ha™,
respectively). AVS resulted in a 6.6, 10.3, and 7.8% yield reduction of chickpea, cumin, and
isabgol, respectively, compared to control. The AVS shows the maximum IRR (20.38%),
whereas PV-GM has the lowest (19.42%) at the prevailing bank loan interest rate of 12%.
The PBP estimated 7.47 years for AVS with irrigated crops and 8.11 years for AVS with rain-
fed crops, whereas it was 8.61 years PV-GM. The lower value of the discounted PBP, the
quicker the repayment of the investment cost. Therefore, the highest LCOE (INR 3.45 kWh'")
based on the break-even electricity tariff is estimated in PV-GM, and the lowest LCOE is
computed in AVS (INR 3.17 kWh™).
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Introduction

In arid western parts of India in Rajasthan, solar irradiations are abundant for almost 300
days of clear sky. The average irradiance on a horizontal surface in arid Rajasthan is 5.6
kWh m2 day”, and at Jodhpur, it is 6.0 kWWh m?2 day [1], which can be harnessed to fulfill a
part of the energy needs of rural communities. A similar amount of solar irradiation is availa-
ble in other countries in tropical and subtropical regions of the world. About 120 countries
lying on the solar belt of the world have launched the International Solar Alliance (ISA) to
boost solar energy in developing countries during UN Climate Change Conference in Paris
held in November 2015. The prime objective of the ISA is to produce renewable solar energy
to reduce global warming. India is leading the alliance with its headquarters in New Delhi,
India. Apart from this international goal, India has its own national goal of installing 175 GW
of renewable energy by 2022, which has been further revised with a target of 450 GW by
2030. In addition, the Govt of India has committed to a 100% renewable power system target
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by 2050 and a net-zero carbon emission target by 2070, declared at COP 26 climate meeting
in Glasgow in November 2021. To meet this long-term goal of renewable energy installa-
tions, an agri-voltaic (AV) system is considered a potential option for co-productive utilization
of agricultural land for food production and photovoltaic (PV) generation. Solar PV generation
is a land-intensive venture, and it needs around two hectares of land per megawatt of power
generation, and so is the case with crop production. The concept of AVS was first proposed
by Goetzberger and Zastrow [2], and was later successfully studied experimentally by
Dupraz et al. [3] and Marrou et al. [4]. During the last 3-4 years, there has been growing in-
terest in utilizing the potential of AVS in different parts of the world [5-17]. Combining PV
generation and agricultural production together in AVS has led to improvement of land
productivity by about 40-70% [3, 18, 24]. Further, AVS system has also been found to be
environmentally friendly; therefore, it may be considered a suitable option for mitigating cli-
mate change effects, specifically in drylands [6, 12]. Schindele et al. [19] reported that the
LCOE for agri-voltaic farms is 38% higher than that of an ordinary, ground-mounted solar PV
installation, the respective values being US$0.0992/kWh and US$ 0.0721/kWh. Agostini et
al. [20] found that the initial cost of an agri-voltaic system is returned in nine years while, in
the case of ground- and roof-mounted solar, the periods are eight and six years, respectively.
Techno-economic analysis revealed that the agri-voltaic system had the lowest Levelized
cost of electricity generation (LCOE) (Rs 3.17 kWh), which is much lower than the prevail-
ing electricity tariff (INR 5.0 kWh") [17]. A recent study conducted by the Indo-German Ener-
gy Forum Support Office (IGEF-SO) and the National Solar Energy Federation of India advo-
cates for the promotion of Agri-voltaic systems (AVS) in the agricultural sector under compo-
nent-A of the Kisan Urja Suraksha evam Uthaan Mahabhiyaan (KUSUM) scheme [21]. This
investigation focuses on evaluating the performance of stilt-mounted photovoltaic (PV) pan-
els with a capacity of 100 kW, which were installed in a one-acre plot at the ICAR-Central
Arid Zone Research Institute in Jodhpur, Rajasthan, India. The assessment pertains to the
impact of AVS on both crop production and electricity generation within the arid ecological
context of India.

Materials and methods

PV Module Installation

This investigation utilized the 100 kWp capacity ground-mounted and fixed-tilt solar photovol-
taic (PV) system located at ICAR-CAZRI, Jodhpur, Rajasthan, India, for a comprehensive
techno-economic assessment. The PV system spanned an area of 4624 m? and featured
polycrystalline silicon solar PV modules (dimensions: 0.992001.640 m) arranged in the East-
West direction with a southward inclination at a tilt angle of 2600. The system comprised five
distinct designs denoted as AVS-1 to AVS-5, each implemented in separate blocks. AVS-1
entailed a single-row PV array with 100% PV density, AVS-2 featured a single-row PV array
with 50% PV density, AVS-3 incorporated a double-row PV array with 100% PV density in
the bottom row and 60% density in the top row, AVS-4 included a triple-row PV array with
100% PV density in the bottom two rows and 60% PV density in the top row, and AVS-5
comprised a triple-row PV array with 100% PV density in the bottom row and 60% PV density
in the top two rows. The allocation of full (100%) and half (60%) PV density in rows was im-
plemented to regulate solar radiation interception on the ground surface, essential for crop
production in the interspaces between PV arrays. To mitigate shading effects on leeward PV
panels, inter-row spacing of 3.2, 6.4, and 9.6 m was maintained in one, two, and three-row
PV arrays, respectively, in the North-South direction. Each block measured 28 m O 28 m,
with the total area covered by PV panels and interspaces accounting for 24%, 49%, and 73%
of the total area in one, two, and three-row PV arrays, respectively. Refer to Fig. 1 for a de-
tailed depiction of the various modules comprising the AVS setup employed in this investiga-
tion [16-17].
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Fig. 1. Schematic design of PV module installations for AVS
Cropping options

In the prevailing solar photovoltaic (PV) system, the shading effect of PV modules on
the ground surface, particularly on the leeward side relative to the sun's trajectory, necessi-
tates a designated separation distance between adjacent arrays. This inter-array space is
effectively utilized for cultivating specific crops, contingent upon their shade tolerance and
limited height to prevent shading on the PV panels. The crop height emerges as a critical
parameter in crop selection for AgriVoltaics (AVS), as taller crops have the potential to cast
shadows on PV modules, thereby diminishing photovoltaic energy generation. Consequently,
crops characterized by a diminutive stature (preferably below 50 cm), adept shade endur-
ance, and low water requirements prove most suitable for AVS implementation in arid eco-
systems.

Within the AVS framework, crops such as mung bean (Vigna radiata), moth bean
(Vigna aconitifolia), and cluster bean (Cyamopsis tetragonoloba) are cultivated during the
Kharif season in the interspace between two PV arrays. Additionally, during the Rabi season,
irrigated cultivation includes Isabgol (Plantago ovata), cumin (Cuminum cyminum), and
chickpea (Cicer arietinum). Beyond conventional arable crops, perennial components such
as medicinal plants like aloe (Aloe vera) and brinjal (Solanum melongena) are grown in the
interspace areas of AVS-1 and AVS-2. Vegetable crops like spinach (Spinacia oleracea) and
snap melon (Cucumis melo L. Momordica group) are incorporated as annual components in
the AVS system. These strategically selected crops are hypothesized to induce microclimate
modifications beneath the PV modules, leading to temperature reduction and consequently
optimizing PV-based electricity generation. A visual depiction of various Kharif crops cultivat-
ed within the AVS is presented in Figure 2.

£

Fig.2. Field view of different crops grown in agivoltalc system aurlng Kharif, 2021
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Photo-Voltaic-based electricity generation from AVS

Solar power generation and solar radiation are consistently observed using the SCADA (Su-
pervisory Control and Data Acquisition) system and an automated weather station. The de-
ployed AVS is linked to the regional power grid through a net metering mechanism, facilitat-
ing the direct sale of generated power to the state electricity board at a predetermined tariff.
Consequently, the average tariff of INR 5 per kilowatt-hour can be employed for the compu-
tation of revenue derived from photovoltaic-generated electricity.

Environmental parameters monitoring

The operational efficiency of photovoltaic (PV) systems is significantly influenced by both
internal and external factors, including structural characteristics, aging, radiation exposure,
shading, temperature fluctuations, wind, and the accumulation of dust on PV plates. Fur-
thermore, alterations in climatic conditions lead to variations in solar radiations and ambient
temperature, consequently impacting the performance of solar PV outputs. Ambient and PV
module temperatures were recorded at 10-minute intervals using a J-type thermocouple with
a 32-channel data logger. Various probes were strategically positioned in shaded areas be-
neath the panel, subjected to full and half-density treatments, as well as at the bottom of the
panel. Additionally, soil temperature at different depths was measured. Microclimatic pa-
rameters, specifically net radiation and photosynthetically active radiation (PAR), were as-
sessed during daytime using an AVS in shaded regions beneath solar PV modules and un-
der open-sun conditions.

Economic analysis of AVS

The economic evaluation of revenue generation from five 100 kWp capacity Agrovoltaic Sys-
tems (AVS) designs was conducted based on electricity generation and crop production da-
ta. Combinations of crops for each design were systematically computed to determine maxi-
mum returns per hectare of land for both rainfed and irrigated scenarios. Subsequently, eco-
nomic analyses of the selected AVS designs, along with a reference ground-mounted PV
design in the same area, were performed. The assessment involved the computation of es-
sential economic indicators, including life cycle cost (LCC), life cycle benefit (LCB), benefit-
cost ratio (BCR), net present worth (NPW), annuity (A), internal rate of return (IRR), and
payback period (PBP). Additionally, levelized costs of electricity generation (LCOE) and vari-
ous economic parameters were determined across multiple escalation rates and electricity
tariffs, as referenced in literature [1, 17, 19].

Levelized cost of PV electricity generation

The Levelized cost calculation method calculates and compares the electricity costs
per unit of electricity produced (Rs/kWh). LCOE was computed by equating the PV system's
life-cycle cost (LCC) and the life cycle benefit (LCB) of the PV system [17, 19]. Where,
X(l—X")]

[LCCR
a—-x)
LCOE=—> = 7 e

n=25 \ 1+e n

M.ET.;(lfd) [1”)
Benefit-cost ratio (BCR): The ratio of discounted benefits to the discounted values of all
costs given as LCB/LCC
Net Present Worth (NPW): The Net Present Worth (NPW) serves as an economic indica-
tor wherein the computation of the disparity between the discounted value of benefits and
discounted costs is undertaken at a specified discount rate. A positive NPW denotes a
prospective viability of the project. The NPW is derived as the cumulative sum of all dis-
counted net benefits over the project's duration, articulated as the difference between the
present value of long-term benefits (LCB) and long-term costs (LCC).
Annuity (A): A of a project indicates the annual average net returns and is given as,
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Pay Back Period (PBP): The PBP can be determined as follows: LCB-LCC = 0 and solv-

ing for n by getting one positive NPW and one negative NPW close to NPW = 0, and by

way of superimposition, we can arrive at the value of n, which is PBP; as given below.
(UPBP — LPBP) x NPW for UPBP

PBP=UPBP———  — 2
(NPW for UPBP — NPW for LPBP)

where, UPBP = Upper payback period; LPBP = Lower payback period
Internal Rate of Return (IRR): IRR is the rate of interest that makes life cycle benefits and
costs equal. The IRR can be computed by using the following relationship

IRR=lower discount rate+ Difference of discount rate X NPW atlower discountrate 3)
(NPW atlower discount rate— NPW at higher discount rate)

Results and discussion

The agri-voltaic system's performance was evaluated during the Kharif seasons (June-
September 2021) and Rabi season (November 2021-February 2022). Cultivation of crops
occurred in the interspace areas between photovoltaic (PV) arrays and the regions beneath
them. The available cropping area varied based on the installation design. In our investiga-
tion, PV modules were implemented in three distinct designs, each possessing identical ca-
pacity and occupying the same land area of 32m x 32m, totaling 35 kWp capacity. Conse-
quently, the land requirement for each installation was maintained at 34 W m-2 across the
three separate blocks. Thus, a 1-hectare land area could accommodate a 340 kW capacity
agri-voltaic system, while 1 acre of land could support a 136 kW installation. The interspaced
and below PV module areas designated for crop cultivation constituted 49% and 24% of the
total block area, respectively. The remaining portions of the blocks were preserved as path-
ways for implement movement and other operational purposes. The interspaced areas were
strategically designated for the cultivation of major arable crops compatible with the agri-
voltaic system.

Crop production potential

Field experiments conducted during the rainfed cropping season (June-September
2021) investigated the impact of shading within double row and triple row photovoltaic (PV)
array modules of Agricultural Voltaic Systems (AVS) on crop production. Mung bean, moth
bean, and cluster bean exhibited average yields of 1155, 670, and 2008 kg.ha-1, respective-
ly, in the inter-row spaces between panels in both two-row and three-row PV arrays. Notably,
there were reductions of 4.6%, 8.6%, and 11.8% in the yields of mung bean, moth bean, and
cluster bean, respectively, in shaded inter-row spaces compared to the control. The leeward
side of the panels, covering half of the inter-row spaces, resulted in lower yields for moth
bean and cluster bean, while mung bean exhibited higher yields in the shaded portion than in
the non-shaded area. In the subsequent Rabi season (2021-22), chickpea, cumin, and
isabgol yielded 2490, 1000, and 700 kg ha-1, respectively, in AVS inter-spaces, indicating
lower yields compared to control plots (2670, 1120, and 760 kg ha-1, respectively). AVS led
to yield reductions of 6.6%, 10.3%, and 7.8% for chickpea, cumin, and isabgol, respectively.

In Kharif 2021-22, Aloe vera and brinjal, as perennial and seasonal vegetables, were
grown in inter-row spaces of full and half-density one-row PV arrays. The yields of brinjal,
Aloe vera, and snap melon were significantly lower than those in control conditions. Howev-
er, no significant yield difference was observed between control and AVS in Kharif snap mel-
on and spinach. The highest PV generation occurred in April 2021, with an average electrici-
ty generation of 342 kWh month-1. Consequently, the AV system generated an annual power
output of 1,24,823 kWh, resulting in a total revenue of INR 6,24,115 in 2021.

Environmental parameter observations, including ambient temperature, temperature
under the shade of the panel, temperature at the bottom of the panel, and soil temperature at
depths of 10 cm, 20 cm, and 30 cm, were recorded at ten-minute intervals throughout the
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study period (Jan-Dec 2021) under AVS. Ambient temperature fluctuated between 3.4°C and
48.1°C. The temperature of PV panel shaded areas varied from 4.9°C to 49.7°C, reaching
peak values of 50°C in May 2021. During summer days, the average temperature of the PV
module reached 61-66°C, while in winter, it reached up to 42-46°C, with peak values of 69°C
in May 2021. Notably, the PV module temperature consistently remained 15-19°C higher
than ambient temperature during the daytime, resulting in reduced solar PV generation.
Throughout the year, discernible differences in microclimate were observed due to the pres-
ence of PV arrays.

Availability of photosynthetically active radiation

During the Rabi season, photosynthetically active radiation (PAR) and net radiation were
quantified in the Agrovoltaic System (AVS) at two-hour intervals between 8:00 and 16:00
hours, while for the Kharif season, measurements were conducted at three-hour intervals
from 9:00 to 15:00 hours. In cumin crops, the PAR values in shaded interspaced areas were
486 and 465 pmol m™s™ for two and three-row photovoltaic (PV) arrays, respectively. This
represented reductions of 42% and 44% compared to the control PAR level of 836 umol
m™s~'. Isabgol and chickpea exhibited PAR reductions of 54% and 47% in two-row arrays
and 32% and 59% in three-row arrays, respectively. Examining net radiation in the shaded
areas of cumin, the values between two-row (108 W.m™2) and three-row (119 W.m™2) PV ar-
rays showed reductions of 46% and 41%, respectively, relative to the control (201 W.m™).
Isabgol displayed net radiation reductions of 75% and 60% in two-row and three-row PV ar-
rays, respectively, with values of 48 and 78 W.m™ compared to the control (194 W.m™). In
chickpea, net radiation reductions of 66% and 60% were observed in two-row and three-row
PV arrays, respectively. For mung bean, the PAR reductions in the shaded interspaced area
were 7% between two-row (1151 ymol m™s™) and three-row (392 ymol m™3s™") PV arrays
compared to the control (1233 pymol m™2s™). The peak photosynthetic photon flux density
(PPFD) values occurred typically between 12:00 and 13:00, ranging from 1206 ymol m=2s™"
in December to 1970 ymol m™2s™" in May. Consequently, the availability of PPFD in Jodhpur
was found to be conducive for meeting the photosynthetic requirements essential for optimal
plant growth and yield [16].

Economics of AVS

The economic evaluation of five distinct designs, each with a 105 kWp Agro-Photovoltaic
System (AVS), was conducted in comparison to a reference ground-mounted PV plant. Re-
turns per unit area were analyzed for all designs, considering different crop combinations and
electricity generation. The daily average PV generation for each design was determined:
AVS-1 (93.90 kWh/day), AVS-2 (57.0 kWh/day), AVS-3 (150.93 kWh/day), AVS-4 (81.60
kWh/day), and AVS-5 (69.32 kWh/day). The annual electricity generation of the 105 kWp
AVS was 1,65,254 kWh, resulting in a capacity of 4.3 kWh/day/kW and a total electricity rev-
enue of INR 8,26,270. The most economically viable design, AVS-1 with one row of PV pan-
els, was selected for further analysis. For rainfed conditions, the combination of AVS-1 with
snap melon (INR 784851 ha-1 annum), and for irrigated conditions, AVS-1 with brinjal (INR
836465 ha-1 annum) showed the highest returns per hectare. Economic evaluations, includ-
ing Levelized Cost of Electricity (LCOE), Life Cycle Cost (LCC), Land Cost Benefit (LCB),
Benefit-Cost Ratio (BCR), Net Present Worth (NPW), annuity (A), Internal Rate of Return
(IRR), and Payback Period (PBP), were conducted for AVS-1 in both rainfed and irrigated
scenarios. AVS-1-Irrigated exhibited the highest IRR (20.38%), outperforming PV-GM with
the lowest IRR (19.42%) at a 12% bank loan interest rate. The Payback Period was estimat-
ed at 7.47 years for AVS-1-Irrigated and 8.11 years for AVS-1-Rainfed, compared to 8.61
years for PV-GM. The Levelized Cost of Electricity was highest in PV-GM (INR 3.45 kWh-1)
based on break-even electricity tariff, while AVS-1-Irrigated had the lowest LCOE (INR 3.17
kWh-1) (Table 1).
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Table 1. Economic attributes of different AVS designs with rainfed and irrigated condition

Attributes PV-GM AVS-1- AVS-1-
Rainfed Irrigated
LCC (INR) 4777774 4804444 4897379
LCB (INR) 6916008 7214093 7728234
BCR 1.45 1.50 1.58
NPW (INR) 2138234 2409649 2830854
Annuity (INR) 232022 261474 307179
IRR (%) 19.42 19.98 20.38
PBP (Years) 8.61 8.11 7.47
LCOE (INR /kWh) 3.45 3.33 3.17

Source: (17)
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