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The object of this study is agrivoltaics
systems. The task addressed relates to
determining the tracking efficiency of
agrivoltaics systems. The subject of the
study is the dependence of the tracking
efficiency of agrivoltaics systems on their
design features and the dependence of
the area coverage efficiency of photovol-
taic panels on the distance between the
arrays in an agrivoltaics system during
the highest solar activity.

It was established that the tracking
efficiency of an agrivoltaics system with
a horizontal axis of rotation and the
orientation of the axis of rotation "East-
West” is 34.75%, and for an agrivolta-
ics system with an orientation "North-
South” - 52.89%. The tracking efficiency
of an agrivoltaics system with an ori-
entation "North-South” and the axis of
rotation set at an angle of latitude (50°)
is 67.95%. At the same time, with the rota-
tion axis set in such a way that the pho-
tovoltaic modules track the flow of sun-
light also in the vertical plane, this value
is 69.5%. The length of the day during
the operation of the agrivoltaics system
varies from 12 hours on March21 and
September 21 to 16 hours on June 21. This
combination of the time of switching on
and off the agrivoltaics system and the
length of the day leads to the fact that the
angle of inclination of the photovoltaic
modules relative to the plane of their axis
of rotation is 45°.

The obtained value of the angle of
inclination of the photovoltaic mod-
ules relative to the plane of the axis of
rotation in the agrivoltaics system has
made it possible to determine the dis-
tance between agrivoltaics arrays, which
was 3.79 m. If one takes into account the
specified distance between the agrivolta-
ics arrays, the efficiency of covering the
area with photovoltaic modules during
the highest solar activity will be 52.8%.

The research results could be used as
a basis for designing agrivoltaics system
structures at different latitudes as well as
assessing their economic efficiency

Keywords: agrivoltaics, photovoltaic
module, angle of incidence of solar rays,
tracking, photovoltaics

0 0

Received 26.02.2025

Received in revised form 08.04.2025
Accepted 06.05.2025

Published 27.06.2025

| DOI: 10.15587/1729-4061.2025.329837 |

DETERMINING THE INFLUENCE
OF DESIGN FEATURES IN
AGRIVOLTAICS SYSTEMS ON
TRACKING EFFICIENCY

Gennadii Golub

Doctor of Technical Sciences, Professor

Department of Technical Service and Engineering Management
named after M. P. Momotenko*

Nataliya Tsyvenkova

Corresponding author

PhD, Associate Professor

Department of Technical Service and Engineering Management
named after M. P. Momotenko*

Department of Electrification, Production Automation and Engineering Ecology
Polissia National University

Stary blvd., 7, Zhytomyr, Ukraine, 10008

E-mail: nataliyatsyvenkova@gmail.com

Ivan Rogovskii

Doctor of Technical Sciences, Professor

Department of Technical Service and Engineering Management
named after M. P. Momotenko*

Viacheslav Chuba

PhD, Associate Professor

Department Electric Power, Electrical Engineering And Electromechanics
Bila Tserkva National Agrarian University

Soborna Sq., 8/1, Bila Tserkva, Ukraine, 09117

Volodymyr Nadykto

Doctor of Technical Sciences, Professor

Department of Machine Operation and Technical Service

Dmytro Motornyi Tavria State Agrotechnological University
Universytetska str., 66, Zaporizhzhia, Ukraine, 69600

Ivan Omarov

PnhD Student**

Yaroslav Yarosh

Doctor of Technical Sciences, Professor**

Ivan Chuba

Director

MSDLab OU

Keksuse tee, 11-29, Koima, Parnu maakond, Estonia, 88309
*National University of Life and Environmental Sciences of Ukraine
Heroyiv Oborony str., 15, Kyiv, Ukraine, 03041

**Department of Renewable Organic Energy Sources

Institute of Renewable Energy of the National Academy of Sciences of Ukraine
Hnata Khotkevycha str., 20-a, Kyiv, Ukraine, 02049

How to Cite: Golub, G., Tsyvenkova, N., Rogovskii, I., Chuba, V., Nadykto, V., Omarov, L., Yarosh, Y.,
Chuba, I. (2025). Determining the influence of design features in agrivoltaics systems on tracking
efficiency. Eastern-European Journal of Enterprise Technologies, 3 (8 (135)), 14-22.
https://doi.org/10.15587/1729-4061.2025.329837

1. Introduction

low present value in many regions compared to other renew-

As more countries join the Paris Agreement to achieve
net-zero emissions by 2050, the use of renewable energy tech-
nologies, including solar, has increased significantly. Solar
energy is the fastest-growing sector of the economy, due to its

able energy sources [1]. However, the increase in the number
of photovoltaic installations leads to extensive land use, which
contradicts the UN Sustainable Development Goals on land
conservation [2]. Land conservation and restoration are the ba-
sis of sustainable agricultural production, which is designed to




address food security. A promising solution to resolve the con-
tradiction between ensuring balanced land use, promoting food
security, and sustainable energy supply is the use of agrivoltaics
systems, which contribute to achieving zero CO, emissions [3].

Agrivoltaics is a technology aimed at the efficient dual
use of agricultural land: for crop production (first priority)
and for electricity generation (for additional income) owing
to photovoltaic modules installed on these lands [4]. There
are two types of agrivoltaics systems: those that involve agri-
cultural activities on available lands of existing photovoltaic
facilities; agrivoltaics systems specially installed for combined
crop production (livestock, forestry) and energy production.
Agrivoltaics systems can improve the efficiency of electricity
generation and enable an increase in land productivity by
60-70% compared to their use only for energy generation [5].

The last decades are characterized by a rapid increase in
the number of installed agrivoltaics systems of different sizes,
power, and level of structural complexity [6]. However, the in-
creasing complexity and size of agrivoltaics systems is often ac-
companied by a decrease in the efficiency of such systems due to
anumber of technical, agronomic, and environmental prob-
lems. In particular, one of the common factors reducing the
efficiency of agrivoltaics systems is shading and uneven light
distribution [7]. While partial shading helps protect crops from
intense solar radiation, excessive shading (due to incorrect instal-
lation and tilting of solar panels) is the cause of crop losses [8].

The increase in the size of agrivoltaics systems compli-
cates the processes of energy conversion and its supply to
the power grid. To compensate for the imbalance between
the variable generation of electricity by agrivoltaics systems
and the needs of the agricultural consumer, it is necessary to
design electricity distribution and storage systems. The lack of
effective control is the cause of either the appearance of excess
electricity or its shortage during periods of peak loads, which
disrupts the operation of the entire system [9].

Another important factor in reducing the efficiency of
agrivoltaics systems with an increase in their size is the lack of
proper extensive infrastructure, including mounting structures,
inverters, and network equipment [10]. Therefore, servicing
such systems, especially in large areas, becomes more difficult.

It is also necessary to note climatic and environmental
factors, which, on the one hand, are the cause of a decrease in
the stability of agrivoltaics system structures, and on the other
hand, worsen the conditions for agricultural production [11].

Therefore, current agrivoltaics systems require improve-
ment, which is associated with solving a number of practical
scientific tasks. Also, the results of research on agrivoltaics
systems presented to the general public are mainly limited to
experimental conditions. It is important for practitioners to
have generalized results for different operating conditions of
agrivoltaics systems, which could allow for high efficiency in
obtaining both energy and agricultural produce.

Therefore, research aimed at improving the efficiency of
agrivoltaics systems is of scientific relevance. This is due to
the fact that such systems enable the sustainable development
of energy systems and agricultural production, which meet
current and future requirements.

2. Literature review and problem statement

In [12], the authors analyzed research over the past five
years to establish ways to optimize photovoltaic systems with
the possibility of further using the results obtained in future

developments. To establish optimization factors, studies on
the use of innovative engineering technologies related to
tracking systems, as well as on the use of new generation
photovoltaic elements, were considered. The work also con-
sidered various layout schemes for agrivoltaics systems and
how distance, height, and density affect the degree of shading
under the panels. The authors note that one of the leading
ways to increase the efficiency of agrivoltaics systems of
the future is their engineering optimization. Scientific prob-
lems remained unsolved, regarding improving the designs of
tracker systems, rational selection of the type of photovoltaic
elements, substantiation of schemes for installing PV module
arrays, determining the orientation of solar panels and their
angle of inclination to the horizon.

The authors of [13] note that commercially available are
silicon elements for photovoltaic systems; however, their use
in agrivoltaics is limited due to their opaque structure, which
blocks the type of radiation required for photosynthesis.
Therefore, the use of silicon elements requires careful calcu-
lations of the intervals between the panels depending on the
type of agriculture. The authors of [14] propose using highly
concentrated PV systems in agrivoltaics, which are capable
of splitting the light flux into two types of radiation: for the
photosynthesis process and for the purpose of electricity
generation. However, it is quite difficult to implement this in
practice in large-scale agrivoltaics systems due to the limited
functionality of such highly concentrated systems and their
high cost. In turn, in [15], the possibility of spectral separation
of light using ultrathin amorphous germanium (a-Ge : H) so-
lar cells was investigated. And although in [15] the possibility
of transmitting active radiation required for the photosynthesis
process was confirmed, the efficiency of electricity generation
usually does not exceed 5%. In [12-15] it is indicated that ef-
fective methods for engineering optimization of agrivoltaics
systems are the development of a rational scheme for installing
PV module arrays, substantiation of their angle of inclination
to the horizon, tracking, and spatial orientation of solar panels.

In particular, the effectiveness of installing a large-scale
agrivoltaics system for the combined production of electricity
and the cultivation of shade-tolerant crops was investigated
n [16]. The solar panel installation scheme was determined
by modeling based on data on solar radiation in the region.
The ground-based agrivoltaics system provided for the in-
stallation of solar panels at a height of 1 meter with a row
spacing of 6 m. The size of the panel arrays was 20 X 1 m,
and the land plots were 20 X 5 m. The agrivoltaics system
on poles included two schemes: with partial and full panel
installation density. In both cases, the panels were installed
at a height of 4 m. The partial scheme included two rows of
20 X 1 m panels installed at a distance of 6.4 m from each
other, and the full scheme included 4 rows of modules with
a row spacing of 3.2 m. The results show that the incomes of
farms that installed agrivoltaics systems exceeded the incomes
of those that preferred traditional crop growing technology
by 30%. The authors claim that if the cultivation of only let-
tuce is transferred to the agrivoltaics system, then electricity
generation will increase by 40-70 GW. However, the issues of
the influence of the variable nature of solar radiation during
the year on the productivity of the agrivoltaics system and the
determination of the influence of shading on the yield of agri-
cultural crops remained unresolved. Such studies are reported
in [17]. The authors compared the efficiency of two systems
of the same production capacity: a ground-based photovoltaic
system and an agrivoltaics system installed on land intended



for growing vegetable crops. The energy required to perform
the operations of the technological process for growing vege-
tables (irrigation, cold storage) was provided by PV modules.
Each system was tested under two hypothetical operating
modes, where it was assumed that:

1) solar energy productivity will remain constant through-
out the operation period;

2) the annual productivity index will decrease by 0.5%.

The work also investigated the effect of shading on the de-
velopment, growth, and yield of vegetable crops. It was noted
that the cost of electricity generated by the agrivoltaics system
was 55% lower than that generated by the photovoltaic system.

Although progress in photovoltaic technologies has con-
tributed to the increase in energy production by agrivoltaics
systems, the issue of efficient land use still remains open,
especially for industrial-scale systems.

The authors of [18] consider the issue of efficient land use
through such optimization parameters as power density and
energy density. Using the geographic information system Arc-
GIS, the boundaries of agrivoltaics stations were determined
and the power density (MW/acre) and energy (MWh/acre)
were calculated for two types of PV modules - tracker and
installed at an angle of inclination to the horizon. The cal-
culations include the value of the geographical latitude and
illumination of the site. It was found that for modules with
a fixed angle of inclination to the horizon, the power density
increased by 52%, while for tracker ones - by 43%. The energy
density increased by 33% and 25%, respectively. The authors
summarize that the use of land has become more efficient.
However, if we talk about even a small agrivoltaics system,
then, taking into account the high energy density, a plot of
about 6 hectares is required for its installation.

The issue of improving the efficiency of the agrivoltaics
system while simultaneously achieving minimum land use
is also raised in [19]. The parameter influencing the level of
soil illumination and energy production in the agrivoltaics
system was the density of PV modules (vertical, oriented
"East-West" (E/W) and installed at an angle to the horizon,
oriented "North-South” (N/S)). At high installation density,
N/S-oriented PV modules produced more energy compared
to E/W-oriented modules but were characterized by a lower
indicator of the level of soil illumination. The spatial distri-
bution of illumination remained non-uniform in both cases.
However, the level of illumination became more uniform
after raising the E/W-oriented panels of vertical PV modules
by 1 m above the surface. For N/S-oriented modules, under
the same conditions, the distribution of illumination did not
change. Also, during long-term operation without cleaning,
E/W-oriented modules had lower losses in electricity genera-
tion than N/S-oriented modules and were better suited for the
operation of agricultural machinery. Therefore, according to
the authors, E/W-oriented PV modules are the best solution
for agrivoltaics systems.

A comparison of the efficiency of two agrivoltaics systems
(with vertical E/W-oriented PV modules and N/S-oriented
modules installed at an angle to the horizon) is also given
in study [20]. The authors built a mathematical model that
makes it possible to determine the energy efficiency of the
agrivoltaics system, the optimal shading scheme, and predict
the yield of shade-tolerant crops. In contrast to what was
stated in work [19], the authors of the study claim that the
agrivoltaics system with vertical E/W-oriented PV modules
is inferior to the system with N/S-oriented modules in terms
of overall efficiency. Although they also note that the agrivol-

taics system with vertical E/W-oriented PV modules is more
convenient when using agricultural machinery. Additional
advantages are that the agrivoltaics system provides a more
uniform distribution of sunlight and precipitation to plants
and is also less prone to dust contamination.

Despite the advantages of the studies described above, the
disadvantage is that they only compare two types of agrivoltaics
systems, so they have a rather limited application. Those works
did not investigate the efficiency of an agrivoltaics system when
combining several different types of photovoltaic systems. This
issue was partially resolved in subsequent studies.

In particular, in [21], an agrivoltaics system (with a capac-
ity of 10.5 kW) with vertical bifacial PV modules installed on
an area of 85 m? intended for growing vegetables was investi-
gated. The efficiency of the agrivoltaics system was compared
with traditional farming and a rooftop solar station of the
same capacity installed with a slope to the south. The yields
of okra and calabash decreased by 15.97% and 38.17%, respec-
tively, while the yield of potatoes increased by 8%, which indi-
cates the need for careful selection of shade-tolerant crops for
the agrivoltaics system. It is noted that the annual electricity
generation decreased by 25% compared to the rooftop station,
which is explained by the different angles of inclination and
orientation of the panels. The advantage is that the agrivoltaics
system made it possible to retain 26% more moisture in the
soil compared to conventional agriculture and reduce the air
temperature by 0.5°C. The results certainly have practical value,
but as in previous works, their application is very limited.

A more extensive study on the efficiency of an agrivoltaics
system located on a plot of 175 m? (Ankara, Turkey) is reported
in [22]. The first stage of the study involved determining the
annual, monthly, and seasonal optimal angles of inclination
of the PV panel. The second stage involved modeling eight
variants of agrivoltaics systems with different installation an-
gles and PV panel efficiency, followed by calculating the ener-
gy produced and net profit. The third stage involved determin-
ing the potential coefficient of functional land use for seven
crops for the eight models. The highest yield increase (11.2%)
was demonstrated by model M1 (8 = 31.33°), while the lowest
yield loss (33.2%) was demonstrated by model M4 (5 =90°).
Among the crops, kiwi had the highest yield (with a coeffi-
cient of 2.07), and bok choy had the lowest (0.25). The max-
imum electricity generation and net profit were 15674 kWh
and USD 1286, respectively. As indicated in the work, the
results could become a basis for the development of technical
guidance for designing agrivoltaics systems in mid-latitude
regions. However, the issues of optimal tracker design and
rational placement of PV modules in photovoltaic arrays re-
mained unexplored.

The issue of rational placement of PV modules in pho-
tovoltaic arrays was partially addressed in study [23]. The
authors report an innovative approach to determining the
optimal distance between PV modules that could contribute
to achieving a sufficient level of solar radiation for the proper
development of agricultural crops. The agrivoltaics station
was built on the basis of the existing photovoltaic station
"El Molino" (Cordova, Spain), equipped with two-axis solar
trackers with a reverse tracking function. Between the mod-
ules, pentagonal plots of land were created with a width of
10.5m and a minimum height of 1.31 m (on the sides) and
a maximum height of 2.81 m (in the center). Several options
for growing different crops on these plots were proposed.
The influence of plant height on the required area of the plot
for their cultivation was established. The results show that



with a plant height of 1.4 m, about 74% of the land plot area
is suitable for cultivation. As the plant height increases, the
area of the land plot decreases. The above confirms the high
efficiency of land use and the feasibility of converting exist-
ing photovoltaic stations into agrivoltaics systems, thereby
contributing to meeting the population’s needs for food and
combating climate change.

The authors of study [24] proposed software that, through
modeling, makes it possible to optimize the design of trackers
in an agrivoltaics system. An assessment of land productivity
in an agrivoltaics system with single-axis trackers located
in Germany was also performed. The growth of agricultural
crops was simulated under different installation and orienta-
tion schemes of trackers (the distance between rows, height
above the surface and azimuth were changed). The results
indicate that there is a clear relationship between land pro-
ductivity and the width of the tracker rows. An increase in the
height of the trackers, in turn, reduces the efficiency of dual
use of the land. However, adjusting only the orientation of the
trackers significantly improves productivity. At a 40% density
of PV modules in the array, energy production decreased
by 42% compared to conventional photovoltaic stations,
and crop yields decreased (potatoes by 32%, corn by 66%).
The authors presented simplified models for predicting the
yield of shade-tolerant and non-shade-tolerant crops, which
can be easily integrated into existing software for creating
photovoltaic stations, which provides practical tools for their
further optimization.

In [25], the ability of PV modules to track sunlight was
used for effective spatiotemporal distribution of light between
solar panels and crops in an agrivoltaics system. The type of
crop and the density of PV modules were chosen as optimiza-
tion factors. A combined approach was reported, combining
classical single-axis tracking and the use of modules without
a tracking function to balance the sunlight flow between
modules and crops. When modeling the energy productivity
of modules and spatiotemporal shading, appropriate coeffi-
cients were used, while the response of plants to shading was
estimated empirically. It has been experimentally established
that 5 hours of standard tracking during the day provides 80%
of typical energy generation while maintaining 40% to 80% of
crop yield. Increasing the distance between modules improves
the yield of shade-loving crops. However, due to higher cap-
ital costs, the specified agrivoltaics system requires a 30-40%
increase in energy tariffs to be economically competitive. This
approach is effective under the conditions of individual de-
sign of an agrivoltaics system based on PV modules with the
ability to track the sun.

In [26], using the PVsyst and DSSAT programs, various
designs of PV modules of agrivoltaics systems with single- and
double-sided solar panels, both in fixed and tracker versions,
were also investigated. Depending on the location of the PV
modules (11 regions of the UK were studied), energy produc-
tion and crop yield varied significantly (depending on the
level of solar radiation, temperature, and rainfall). The study
found that tracker PV modules with double-sided solar panels
with a capacity of 440 W, on average, produced 24.6% more
energy than static PV modules with single-sided panels, but
showed a decrease in yield. The functional land use factor
was higher for the agrivoltaics system with fixed PV modules
with single-sided solar panels. The maximum indicator was
1.39 and reflected the optimal balance between yield and ener-
gy production. The financial analysis revealed that tracker PV
modules with single-sided panels provide the highest internal

rate of return, but the results vary significantly depending on
the region - the difference between the lowest and highest
indicators reached 41.16%. The lowest cost of electricity was
in regions with high levels of solar radiation. The issues of
achieving maximum efficiency of the agrivoltaics system by
adapting it to local climatic conditions and PV module designs
remained unresolved.

The feasibility of using tracking was also considered in
work [27], which reported the comparison of two types of
agrivoltaics systems in Belgium for growing beet. The systems
included both single-axis tracker and vertical PV modules with
double-sided solar panels. Field measurements of the amount
of energy produced and beet yield lasted for two years. The
results show that smart tracking under optimal irrigation
conditions provides a significant increase in energy genera-
tion (+30%) and land use efficiency (+20%) at lower costs,
while maintaining yields at the level of the classical system.
As for the proposed empirical plant growth model, its use-
fulness in practice turned out to be somewhat lower since it
does not take into account climatic changes in dry years. The
issue of a comprehensive approach to the use of agrivoltaics
systems, which includes the analysis of climatic conditions,
PV module designs, and crops, assessment of system efficien-
cy, and ways to reduce investment risks, remains unresolved.

Our review of the literature [16-27] makes it possible to
reveal one existing problem: despite a significant amount of
scientific research, the task of improving the efficiency of
agrivoltaics systems still needs to be solved. Summarizing the
results reported in [16-27], tracking of various designs of agri-
voltaics systems and the degree of coverage of the land area
with photovoltaic panels are the most important parameters
for improving the efficiency of agrivoltaics systems. There-
fore, further research should be conducted on improving the
efficiency of tracking of agrivoltaics systems and the efficien-
cy of covering the land area with photovoltaic panels during
the lowest solar activity. Despite the complexity of taking into
account all the factors influencing the specified parameters
of the agrivoltaics system, such research is necessary, and the
benefit of results to be obtained is obvious.

3. The aim and objectives of the study

The purpose of our study is to determine the tracking ef-
ficiency indicators of agrivoltaics systems depending on their
design features. This will make it possible to choose the most
acceptable structures of agrivoltaics systems to ensure their
effective functioning under specific application conditions.

To achieve the goal, the following tasks were set:

- to determine the tracking efficiency of different designs
of agrivoltaics systems;

- to determine the efficiency of area coverage by photovol-
taic panels during the lowest solar activity.

4. The study materials and methods

4.1. The object and hypothesis of the study

The object of our study is agrivoltaics systems.

The subject of the study is the dependence of the tracking
efficiency of agrivoltaics systems on their design features and
the dependence of the efficiency of covering the area with
photovoltaic panels on the distance between the arrays of the
agrivoltaics system during the greatest solar activity.



The main hypothesis of the study assumes that by com-
plicating the structure of an agrivoltaics system, it is possible
to improve its tracking efficiency up to reaching its maxi-
mum value.

The main assumptions and simplifications adopted in the
work: it was assumed that the Earth is in a parallel flow of so-
lar rays; the phenomenon of cloudiness was ignored (it affects
only the intensity of solar radiation and does not affect the
angle of incidence of solar rays on the photovoltaic module).

4. 2. Description of the designs of agrivoltaics systems

The studies were conducted on agrivoltaics systems with
the orientation of the axis of rotation of photovoltaic modules
in the direction of "East-West" and "North-South". Agrivoltaics
systems with the orientation of "North-South” differed in the
position of the axis of rotation of photovoltaic modules into
horizontal, installed at an angle of latitude and adjustable in
the vertical plane. Agrivoltaics systems with the orientation
of "East-West" were considered only with a horizontal position
of the axis of rotation of photovoltaic modules. This is due
to the fact that it is too difficult to use such agrivoltaics sys-
tems adjustable in the vertical plane since the change in the
angle of inclination of the axis during the day must change
from 0 to 90° twice a day. The general view of the studied
structures of agrivoltaics systems is shown in Fig. 1.
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Fig. 1. Schematics showing the studied structures
of agrivoltaics systems depending on the orientation of
the axis of rotation of photovoltaic modules:
a — horizontal axis, direction "East-West"; b — horizontal
axis, direction "North-South"; ¢ — axis installed at an angle
of latitude, direction "North-South"; d — axis installed with
the possibility of adjustment in the vertical plane,
direction "North-South"

The above designs were used to study the tracking effi-
ciency of agrivoltaics systems using simulation modeling and
the efficiency of covering the surface area with photovoltaic
panels during peak solar activity.

4. 3. Methods for conducting research on the designs
of agrivoltaics systems

The average annual tracking efficiency of photovoltaic
modules in the agrivoltaics system was determined using
an expression from [28]. This parameter is the ratio of the
annual weighted average value of the cosine of the angle of
incidence of the Sun’s rays cos64" on the plane of the pho-
tovoltaic module panel installed in the agrivoltaics system
to its maximum value (cos 05" = 1). This makes it possible to
express the average annual tracking efficiency of photovoltaic
modules in relative units or in percentages and determine it
from the expression
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where cos 04, is the average daily efficiency of the photovoltaic
module installation in the agrivoltaics system; a; is the angu-
lar length of the i-th day, degrees.

The average daily efficiency of tracking photovoltaic mod-
ules in the agrivoltaics system was determined based on the
values of the cosine of the angle of incidence of the sun’s rays
relative to the z axis and the angular length of daylight. The
actual determination was carried out based on the ratio of
the average daily value of the cosine of the angle of incidence
of the sun’s rays on the panel plane to its maximum val-
ue (cos6g; =1). This makes it possible to express the average
daily efficiency of tracking photovoltaic modules in relative
units or in percentages and determine it from the expression

Z‘l.ioaj cos0;
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where cos6); is the cosine of the angle of incidence of the
sun’s rays, corresponding to the angular length of the j-th day;
a; is the current value of the angular length of the j-th day
from sunrise to sunset, degrees.

The magnitude of the angle of incidence of the sun’s rays
relative to the z axis, which is perpendicular to the surface of
the solar panel, according to the geometry of three-dimen-
sional space will be

cosf, :\/l—cos2 0y —cos? 0, =\/sin2 Oy —cos?0,, (3)

where 6y is the angle of incidence of the sun’s rays relative to
the z axis; Oy is the angle of incidence of the sun’s rays rela-
tive to the x axis; Oy is the angle of incidence of the sun’s rays
relative to the y axis.

The angle of incidence of the sun’s rays relative to the
y axis, which is located in the equatorial plane and runs
parallel to the plane of the photovoltaic module panel, was
determined according to the relative position of the module
and the sun’s rays. Similarly, the angle of incidence of the
sun’s rays relative to the x axis, which is located in the plane
of the solar panel in the meridional plane, was determined.

The angular length of daylight was determined using the
following expression from [28]:
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Fig. 3. Dependence of tracking efficiency of photovoltaic
modules in photovoltaic and agrivoltaics systems on the
— I — structure of these systems
Fig. 2. Calculation scheme for determining 5.2. Efficiency of covering the area with photovoltaic
the efficiency of area coverage by photovoltaic panels panels during the highest solar activity
in an agrivoltaics system The results of modeling the change in the tilt angle

of photovoltaic modules relative to the plane of their axis
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Data on the efficiency of installing with the axis of rotation set at the latitude angle during the day. The vertical
photovoltaic modules in photovoltaic sys- lines determine the time of switching on and off of the agrivoltaics under the
tems are given according to [29, 30] and for electricity generation mode



The results of determining the efficiency of covering the
area with photovoltaic panels during the highest solar activi-
ty (noon) are given in Table 1.

Table 1

Results of calculating the area coverage by photovoltaic
panels during the highest solar activity

Design parameter and units of measurement Value
The angle of inclination of the module relative to the plane of the
axis of rotation, degrees:

June 21 44.999
March 21 and September 21 44.995
The average value of the angle of inclination of the

module, deg. 44.997
Cosine of the angle of inclination 0.528
Length of the photovoltaic module, m 2
Distance between agrivoltaics arrays, m 3.79
Area covered from sunlight, %:

When turning on agrivoltaics 100
Noon 52.8

The results allow us to determine the minimum distance
between individual arrays of the agrivoltaics system.

6. Discussion of results based on the study of the
efficiency of tracking indicators of agrivoltaics systems

The results of our study of the efficiency of installing pho-
tovoltaic modules in photovoltaic systems and the tracking
efficiency of agrivoltaics systems depending on the design of
these systems are shown in Fig. 3. The theoretical dependences
that underlie the research are generally outlined in [28]. This
study proposes a method for determining the tracking effi-
ciency of agrivoltaics systems. Unlike previously conducted
studies [29, 30], our study determines the tracking efficiency
of photovoltaic modules in agrivoltaics systems depending on
the design of these systems. The study allowed us to obtain the
tracking efficiency of agrivoltaics systems depending on their
orientation and the method of mounting the axis of rotation of
photovoltaic modules. This was made possible by determining,
by modeling, the annual weighted average value of the cosine
of the angle of incidence of the Sun’s rays on the plane of the
photovoltaic module panel installed in the agrivoltaics system.

As can be seen from Fig. 3, the values of the efficiency of
installing photovoltaic modules in photovoltaic systems and
the tracking efficiency of agrivoltaics systems vary depending
on the structure of these systems. The values of the efficiency
of installing photovoltaic modules for photovoltaic systems
have higher values than for the tracking efficiency of agrivol-
taics systems. This is due to the fact that agrivoltaics systems
are switched on only during the hours of greatest solar activi-
ty, and accordingly have a shorter operating time compared to
photovoltaic systems.

It was found that the tracking efficiency of an agrivoltaics
system with an East-West rotation axis orientation is 34.75%.
This is due to the fact that such a system tracks the flow of
sunlight only in the vertical plane. The tracking efficiency of
an agrivoltaics system with a North-South rotation axis orien-
tation is significantly higher. Therefore, such systems are able

to track the flow of sunlight in the horizontal plane. Thus,
the tracking efficiency value of the agrivoltaics system with
a North-South orientation and a horizontal axis of rotation
is 52.89%. The tracking efficiency value of the agrivoltaics
system with the same orientation and the axis of rotation set
at an angle of latitude, in this case 50°, is 67.95%. The agri-
voltaics system with a North-South orientation and an axis
of rotation set in such a way that the photovoltaic modules
track the flow of sunlight also in the vertical plane has the
maximum tracking efficiency value. In this case, this value
is 69.5%. Such a system is the most complex since it provides
complete tracking of the flow of sunlight in the horizontal
and vertical planes (full tracking).

The agrivoltaics system “North-South” with the rotation
axis set at the latitude angle was further analyzed (Fig. 4). The
simulation results showed that the angle of inclination of the
photovoltaic modules relative to the plane of their rotation axis
depends on the time of switching on and off the agrivoltaics
system. When the agrivoltaics system is operating from 8-9 to
15-16 hours from March 21 to September 21, the angle of incli-
nation of the photovoltaic modules relative to the plane of their
rotation axis will be in the range from 40 to 50°. This is due to
the fact that when the agrivoltaics system is switched on and off
on March 21 and September 21, the total operating time of the
agrivoltaics system is minimal and is 6 hours. The total operat-
ing time of the agrivoltaics system on June 21 is maximal and
is 8 hours. On all other days, the operating time of the agrivol-
taics system is within the above-mentioned limits. The length
of the day during the operation of the agrivoltaics system also
changes from 12 hours on March 21 and September 21 to 16
hours on June 21. This combination of the time of switching on
and off the agrivoltaics system and the length of the day leads
to the fact that the angle of inclination of the photovoltaic mod-
ules relative to the plane of their axis of rotation is 45° (Table 1).
This average value of the angle of inclination of the modules
relative to the plane of the axis of rotation occurs for all days of
the operation of the agrivoltaics system.

The calculation of the distance between the agrivoltaics ar-
rays was carried out with a width of the photovoltaic module at
the level of 2 m. The obtained value of the angle of inclination
of the modules relative to the plane of the axis of rotation in
the agrivoltaics system allowed us to determine the distance
between the agrivoltaics arrays, which was 3.79 m. It is obvious
that if this distance is reduced in the agrivoltaics system, the
photovoltaic modules of neighboring arrays will be shaded.
If we take into account the specified distance between the agri-
voltaics arrays, the efficiency of covering the area with photo-
voltaic panels during the highest solar activity will be 52.8%.

The results obtained (Fig. 3, 4, Table 1) allow us to deter-
mine the main indicators of the tracking efficiency of agrivol-
taics systems.

Limitations of the study: the results allow us to establish the
relationship between the tracking efficiency of different designs
of agrivoltaics systems at different geographical latitudes on the
Earth’s surface from the equator to the latitude of 66.55°.

The main drawback of this study is that it does not take into
account the unevenness of the flow of sunlight on the Earth’s
surface in summer and winter, which applies to a greater extent
to geographical latitudes remote from the equator.

Further development of this study should consist in de-
signing the structure of an agrivoltaics system array and con-
ducting experimental studies on various structural solutions.

The practical significance of our research results is that they
could be used to design the structure of an agrivoltaics system.
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voltaic panels during the highest solar activity will be 52.8%.
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