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Abstract. This research focuses on AgriVoltaic systems, combining standard-height (1.5 
meters) PV arrays with single-axis solar trackers for wheat cultivation. The study was 
conducted in Sorocaba/São Paulo, at the Nextracker Solar Study Laboratory situated at 
Flextronics Institute of Technology (FIT). This study reveals that wheat production between PV 
rows is minimally affected by shading. In the 2023 winter wheat season in Brazil, the production 
in Regular Agriculture was 12.04 ± 4.27 tons/ha. In the AgriVoltaics area, it produced 
10.72 ± 1.52 tons/ha of wheat in addition to 2354.82kWh/kWp-year. In the area dedicated to 
energy production, it generated a performance of 2462.26kWh/kWp-year. Statistically, using 
the Tukey’s test, it is possible to state that there is no difference in productivity, although there 
are differences in morphological and physiological performance, issues that should be better 
explored in future studies. Furthermore, AgriVoltaics systems observed a 40% reduction in 
irrigation requirements, making it economically feasible for both energy providers and local 
farming economies. So, this study demonstrates successful integration of cost-effective PV 
trackers, offering potential for large-scale co-production of food and renewable energy. 
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1. Introduction

In the past, AgriVoltaic studies often focused either on grazing scenarios, low-growing high 
value crops, or solar arrays mounted high above the arable land (4 meters and higher) with 
material-intensive structures. Our research focuses on PV arrays with a single-axis, standard-
height (1.5 meters) solar trackers and an industrially farmed crop, wheat, which is a worldwide 
staple food. In 2022, the global wheat supply was valued at US$ 153.2 billion, with a forecasted 
growth of 5.3% Compound Annual Growth Rate (CAGR) from 2024 to 2032 [1]. The United 
States and Brazil are ideal regions for wheat production with milder temperatures (ranging from 
21ºC to 24ºC) and lower annual precipitation, resulting in drier soil conditions (Figure 1). 
Successfully combining wheat crops with cost-effective standard PV trackers opens a path to 
co-produce food and renewable energy on a large scale.  
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Figure 1. Wheat Production from United States Department of Agriculture, 2023 [2]. 

According to the literature, wheat in AgriVoltaics can suffer etiolation due to a deficiency 
in solar radiation, resulting in morphological changes such as increased size and length of 
stems. However, productivity is not significantly affected and can have an agricultural 
productivity range of -19% to +3% [3]. In addition, according to Amaducci et al. (2018), 
AgriVoltaics is a system that can improve the land use and also enhances the water balance 
of the soil, increasing water savings and stabilizing crop production yield [4]. 

2. Experimental setup and Method

The research was conducted in Sorocaba, São Paulo, at the Nextracker Solar Study 
Laboratory situated at FIT (Figure 4). 

Figure 2. Image of the solar tracker used. 
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The study used a 1.5-meter-tall solar tracker (Figure 3) with 1-in-portrait (1P) bifacial 
modules and an inter row pitch of 6 meters, considering a Ground Coverage Rate (GCR) of 
31.47%. Wheat crops were cultivated in six randomized planting beds, with each bed 
measuring 6x1 meters, positioned perpendicular to the panel structures, as shown in Figure 4. 
With the proposed Design of Experiment (DOE) – planting beds perpendicular to the trackers 
– it was possible to map productivity as a function of solar radiation.

Figure 3. Tracker schematic. Figure 4. Design of Experiment (DOE). 

For the purpose of this feasibility study, productivity data was extrapolated to one hectare, 
assuming that the agricultural part of the Agrivoltaic system occupies two-thirds of the total 
area. This accounts for the areas underneath the modules, which were not cultivated due to 
lower plant productivity and to simplify tracker maintenance. The spacing between rows was 
fully compatible with standard agricultural machinery, measuring approximately 20 feet (about 
6.1 meters) - machinery for soil preparation, planting, and harvesting. The study considered 
the wheat season to be four months long, and since it is considered a winter crop in the study 
region. 

Solar radiation data was collected from two locations between the PV array rows, beneath 
trackers and the agricultural area, at one-minute intervals from July 2023 to September 2023, 
using an SN-522-SS Modbus Net Radiometer, which collected the photosynthetically active 
radiation (PAR). PAR indicates how much electromagnetic radiation is reaching the crop 
canopy and is available for plants to use as a source of energy for photosynthesis and their 
development/growth [5]. Researchers used stomatal conductance of leaves as an indicator of 
water stress, measured with an AP4 Porometer by Delta-T. Manual measurements with 
calipers and rulers were carried out to check the development of the plants, as well as weighing 
to control productivity. Productivity was measured by harvesting three one-square-meter plots, 
and the threshed wheat from these plants was weighed on a precision scale. 

3. Results and Discussion

As this was an exploratory study with several variables to pre-assess AgriVoltaics and its 
influences on agricultural production and energy generation, the results and discussions were 
divided into parts.  

3.1 Solar radiation behavior between trackers 

Shading was observed at the beginning and end of the day in the AgriVoltaics area between 
the rows of PV panels (see Figure 5). This shading is characteristic due to the shadows cast 
by the tracker structures, which act as physical obstacles to the passage of radiation compared 
to the Regular Agriculture area. Similarly, it was also noted that there is a longer period of 
shading in the afternoon for the sensors installed in the AgriVoltaics area at the west drip-end 
of the structures. It is expected that this behavior will also be mirrored, with higher shading in 
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the morning for sensors installed at the east drip-end of the structures in the AgriVoltaics area. 
For this study, it was not possible to collect this data due to the lack of a sensor; however, it is 
being considered for future steps. 

Figure 5. Average radiation behavior from Jul-Sep/2023. 

3.2 Wheat production behavior between trackers 

To better understand the influence of the planted location between the trackers in this 
exploratory study, wheat harvesting was carried out in randomized plots for the six repetitions 
(see Table 1). It is notable that despite the differences in productivity, the Tukey test reveals a 
significant difference with 95% reliability only for cultivation under the trackers compared to the 
other locations. Therefore, the productivity between AgriVoltaics (between the PV array rows) 
and Reference Agriculture does not present statistically significant differences; they are similar. 
This finding aligns with observations by Bhandari et al. (2021) [6], which also reported around 
12 tons/ha when wheat was harvested between the arrays. 

Table 1. Wheat productivity (tons/ha) in different AgriVoltaics scenarios compared 
to Reference Agriculture. 

Repetition 

AgriVoltaics 

Agriculture Between the 
PV array rows 

Sunset 

Beneath 
the PV 

array rows 

Between the 
PV array 

rows 
Sunrise 

AgriVoltaics 
Average 
Sunset + 
Sunrise 

1 17.61 5.37 7.86 12.74 14.32 
2 10.44 5.66 9.54 9.99 17.18 
3 10.20 3.71 9.80 10.00 11.13 
4 9.03 1.87 7.69 8.36 6.72 
5 14.72 1.93 10.32 12.52 6.56 
6 12.40 3.71 9.04 10.72 16.34 

Average ± 
Error 12.40 ± 2.96 3.71 ± 1.48 9.04 ± 0.97 10.72 ± 1.52 12.04 ± 4.27 

Tukey's test 
| % a | 103% b | 31% a | 75% a | 89% a | 100% 
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Considering the reference agricultural productivity as 100%, productivity between PV 
array rows on the sunset side was 103%, compared to 75% between PV array rows on the 
sunrise side and 31% beneath PV array rows. The average across PV array rows (average of 
sunset and sunrise sides) was 89%. These wheat productivity results fall within the range found 
by Weselek et al. (2021) [3]. The low average radiation present beneath the trackers (Figure 
5) directly influenced agricultural performance, as shown in Table 1. In addition to productivity,
crop growth – both physiological and morphological – was also studied. Researchers collected
data on wet and dry mass, plant diameter and height, and stomatal conductivity (see Table 2).
For this more specific study, AgriVoltaics was considered as the average of data collected from
plants grown only between the PV array rows (average of sunset and sunrise).

In general, it was observed that despite the dry and wet mass being statistically similar for 
AgriVoltaics and Regular Agriculture, according to the Tukey's test, the shade influenced the 
development of wheat in AgriVoltaics. The smaller diameter of the AgriVoltaics plants indicates 
signs of etiolation, suggesting a lack of sufficient radiation. Furthermore, AgriVoltaics systems 
observed a 40% reduction in irrigation requirements due to reduced evapotranspiration. This 
indicates that the increased water content in the AgriVoltaics wheat leaves signifies greater 
water availability for the plants, consequently reducing water stress. This behavior of lower 
evapotranspiration in AgriVoltaics and similar wheat production compared to Regular 
Agriculture was also found by Pataczek et al. (2023) in their studies [7]. Due to the high soil 
moisture and low evapotranspiration, AgriVoltaics wheat grains had a higher moisture content 
of 11%. 

Table 2. Plant growth in AgriVoltaics (Agri-PV) and Agriculture (Agri). 

Repetiti
on 

Parameters 
Production of 
Fresh Mass 

(g) 
Production of 
Dry Mass (g) 

Plant 
diameter 

(cm) 
Plant height 

(cm) 
Stomatal 

Conductivity 

Agri Agri-
PV Agri Agri-

PV Agri Agri-
PV Agri Agri-

PV Agri Agri-
PV 

1 32,23 28,66 28,04 20,13 4,89 3,48 72,00 71,78 28,62 42,98 
2 38,66 22,48 33,63 16,73 4,69 3,57 76,22 66,00 39,83 56,30 
3 25,04 22,51 21,78 13,48 4,74 4,31 65,33 57,89 19,10 38,59 
4 15,12 18,81 13,15 12,12 3,91 3,86 61,00 59,22 17,77 46,33 
5 14,76 24,13 12,84 16,01 4,53 3,34 65,89 54,33 28,40 36,17 
6 36,76 28,18 31,98 17,60 4,83 4,93 76,50 67,78 19,43 38,44 

Average 
± Error 

27.10 
± 9.60 

24.13 
± 3.43 

23.57 
± 8.35 

16.01 
± 2.63 

4.60 
± 

0.33 

3.91 
± 

0.55 

69.49 
± 5.82 

62.83 
± 6.11 

25.53 
± 7.76 

43.14 
± 6.77 

Tukey's 
test | % 

a | 
100% 

a | 
89% 

a | 
100% 

a | 
68% 

a|100
% 

b | 
85% 

a | 
100% 

a | 
90% 

a | 
100% 

b | 
169% 

3.3 Performance behavior 

Considering data were collected during the winter season in Sorocaba, Brazil, the energy 
generation performance was measured at 2354.82 kWh/kWp-year for AgriVoltaics and 
2462.26 kWh/kWp-year for the area exclusively dedicated to photovoltaic energy generation. 
This resulted in a 4% reduction in energy generation for the AgriVoltaics setup. It is important 
to note that these results reflect the use of different panel technologies in each area, which 
may have influences performance. To address this, a new structure with standardized panel 
technology is being installed to eliminate this variable in future studies. 
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4. Conclusion 

Mechanized wheat farming seamlessly aligns with a 1.5-meter tall 1-P tracker, eliminating the 
necessity of using extra tall solar trackers that cause extra costs and environmental impacts. 
Comparing the wheat productivity between Regular Agriculture and AgriVoltaic systems 
showed no significant wheat productivity loss but yielded significant water savings. The results 
of this study support the idea that dual land use is economically viable for both energy providers 
and the local agricultural economy. 
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