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A B S T R A C T

The increasing penetration of photovoltaic technology in the electricity market requires the development of
a methodology that facilitates the optimisation of photovoltaic plants with single-axis trackers. This paper
presents an optimisation methodology that takes into account the most important design variables of single-axis
photovoltaic plants, including irregular land shape, size and configuration of the mounting system, row spacing,
and operating periods (for backtracking mode, limited range of motion, and normal tracking mode). Equations
for the determination of the optimal row spacing and operating periods have been developed and is presented
in detail. A packing algorithm that takes into account the irregular land shape and the possible configurations
of the mounting systems is also presented. The objective function is the total area of the photovoltaic field
and the optimisation is performed by a packing algorithm. As the economic aspect of energy generation also
plays a key role in decision-making, the levelised cost of energy has been used to assess the economic viability
of the optimal layout of the mounting systems. The results show that the proposed methodology and packing
algorithm are able to optimise the photovoltaic plant with single-axis solar tracking and provide reliable results
after a reasonable computation time. The methodology was demonstrated in detail for a Spanish photovoltaic
plant (Granjera photovoltaic power plant), including the optimal layout of the mounting systems and the cost
analysis for this layout. The optimal layout of the mounting systems could increase the amount of energy
captured by 91.18% in relation to the current of Granjera photovoltaic power plant. The mounting system
configuration used in the optimal layout is the one with the best levelised cost of energy efficiency, 1.09. The
presented optimisation methodology can be utilised to facilitate the optimal design of commercial photovoltaic
plants with single-axis trackers. Therefore, questions such as: what is the optimal distribution of mounting
systems?, how much energy will this distribution produce?, and at what cost will it produce it?, can be
answered by using the proposed methodology.
1. Introduction

The growing emphasis of developed countries on reducing envi-
ronmental pollution caused by fossil fuels highlights the reliance on
renewable energy worldwide [1]. For this reason, many researchers
have focused on investigating the application of renewable energy
sources, such as solar energy Photovoltaic systems [2], thermosolar
systems [3] or wind energy [4].

Photovoltaic (𝑃𝑉 ) systems are growing rapidly and are expected to
play an important role in global power generation. The total installed
capacity was around 754 (𝐺𝑊 ) at the end of 2020 [5]. To compare the
economic viability of various energy sources such as solar energy, wind
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energy, hydropower, natural gas, the levelised cost of energy (𝐿𝐶𝑂𝐸) is
often used [3,6]. 𝐿𝐶𝑂𝐸, which indicates the average cost of a power
plant to generate energy considering investment and operation costs,
can also be used to compare different 𝑃𝑉 plant configurations [2].
This parameter can be used to demonstrate the cost reduction of 𝑃𝑉
plants. For example, the weighted average 𝐿𝐶𝑂𝐸 in 2018 was 0.085
(USD∕kWh), and is estimated to be between 0.02 and 0.08 (USD∕kWh)
by 2030 and between 0.014 and 0.05 (USD∕kWh) by 2050 [7].

The growth in 𝑃𝑉 systems is due to several factors. The most im-
portant of these is the substantial reduction in 𝑃𝑉 module costs [8]. In
2017, the International Renewable Energy Agency (𝐼𝑅𝐸𝑁𝐴) presented
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Nomenclature table

𝐴𝑇𝑃𝑉 Total photovoltaic modules area (m2)
𝐶𝐶𝑆 Unit cost of the control system (e/unit)
𝐶𝑐𝑏 Costs of the cable (e)
𝐶𝐸𝑀 Unit cost of the electric motor (e/unit)
𝐶𝑒 Exposure factor
𝐶𝑖 Initial investment cost (e)
𝐶𝑖𝑛𝑣 Unit cost of the inverter (e/unit)
𝐶𝐿 Cost of the land area (e)
𝐶𝑀 Costs of the monitoring system (e)
𝐶𝑀𝑆 Unit cost of the mounting structure (e/unit)
𝐶𝑂𝑀 Cost of operation and maintenance (e)
𝐶𝑝 Pressure coefficient
𝐶𝑃𝐷 Costs of the protection devices (e)
𝐶𝑝𝑟𝑜𝑏 Probability factor
𝐶𝑃𝑉 Unit cost of a 𝑃𝑉 module (e/unit)
𝐶𝑇 Costs of the transformer (e)
𝐶𝑇 𝑖 Total cost of the project (e)
𝑑 Distance 𝐸 − −𝑊 between two adjacent

mounting systems (m)
𝑑𝑟 Annual degradation rate
𝑑min Minimum distance 𝐸 − 𝑊 between two

adjacent mounting systems (m)
𝑑𝑠𝑡 Standard distance 𝐸 − 𝑊 between two

adjacent mounting systems (m)
𝐸𝑖 Availability of solar resource at the 𝑖th year

(kWh)
𝐸𝑇𝑃𝑉 Total energy on the photovoltaic modules

(MWh)
𝑒𝑙 Distance 𝑁 − −𝑆 between two adjacent

mounting systems (m)
𝑒𝑠 Minimum distance on the ground (m)
𝑒𝑡 Pitch (m)
𝐺𝐶𝑅 Ground coverage ratio (dimensionless)
H𝑡 Adjusted total irradiation on a tilted surface

(Wh/m2)
𝑘 Parameter that depend on the terrain
𝐼 Lifetime of the project (years)
I𝑏ℎ Adjusted beam irradiance on a horizontal

surface (W/m2)
I𝑑ℎ Adjusted diffuse irradiance on a horizontal

surface (W/m2)
I𝑡 Adjusted total irradiance on a horizontal

surface (W/m2)
𝐿 Length of the mounting system (m)
𝐿𝑒 Parameter that depend on the terrain
𝐿𝑃𝑉 Length of the photovoltaic modules (m)
𝐿𝐶𝑂𝐸 efficiency Ratio between the 𝐿𝐶𝑂𝐸𝑠 rack configura-

tions
𝑁𝐶𝑆 Total number of control systems
𝑁𝐸𝑀 Total number of electric motors
𝑁𝑖𝑛𝑣 Total number of inverters
𝑁𝑀𝑆 Total number of mounting structures
𝑁𝑃𝑉 Number of photovoltaic modules
𝑛 Ordinal of the day (day)

a report in which it predicted a 60% drop in the 𝑃𝑉 module cost
over the next 10 years [9]. The current price of 0.266 (𝑈𝑆𝐷∕𝑊 𝑝) [10]
allows large-scale 𝑃𝑉 plants to be competitive from the point of view
627
𝑃 Available land area (m2)
𝑝 Height of the column (m)
𝑞𝑏 Basic velocity pressure (kN/m2)
𝑞𝑒 Static pressure (kN/m2)
𝑞𝑃𝑉 Load due to the weight of the 𝑃𝑉 modules

(kN/m2)
𝑟 Discount rate for 𝑖th year
𝑆 Projection the 𝐿 on the horizontal plane (m)
𝑆𝑖 Total electrical energy output at the 𝑖th year

(kWh)
𝑆𝐿 Snow load (kg)
𝑇 Solar time (h)
𝑇𝑅 Sunrise solar time (h)
𝑇𝑆 Sunset solar time (h)
𝑇𝑏1 End of the backtracking mode (h)
𝑇𝑏2 Start of the backtracking mode (h)
𝑇𝛽1 Start of the normal tracking mode (h)
𝑇𝛽2 End of the normal tracking mode (h)
𝜈𝑏 Basic wind velocity (m/s)
𝑊 Width of the mounting system (m)
𝑊𝑒𝑃𝑉 Weight of the 𝑃𝑉 module (kg)
𝑊𝑒𝑆 Weight of the structure (kg)
𝑊𝐿 Wind load (kg)
𝑊𝑃𝑉 Width of the photovoltaic modules (m)
𝑧 Height on the ground (m)
𝛼𝑆 Height angle of the Sun (◦)
𝛽 Tilt angle of photovoltaic module (◦)
𝛽𝐵 Backtracking angle (◦)
𝛽max Limited range of motion angle (◦)
𝛽𝑠𝑡 Standard tilt angle of photovoltaic module

(◦)
𝛾 Azimuth angle of photovoltaic module (◦)
𝛾𝑆 Azimuth of the Sun (◦)
𝛿 Solar declination (◦)
𝜂 Performance factor
𝜃𝑐 Backtracking correction angle (◦)
𝜃𝑖 Incidence angle (◦)
𝜃𝑡 Transversal angle (◦)
𝜃𝑡𝑏 Backtracking angle (◦)
𝜃𝑡𝑠𝑡 Standard transversal angle (◦)
𝜃𝑧 Zenith angle of the Sun (◦)
𝜆 Latitude angle (◦)
𝜌 Air density (Kg/m3)
𝜌𝑔 Ground reflectance (dimensionless)
𝜔 Hour angle (◦)

of this component. While 𝑃𝑉 modules have come down in price, the
other components of the system (mounting systems, inverters, cables,
power protection systems, measuring equipment, system monitoring,
etc.) have increased in cost, with the 𝑃𝑉 module mounting system
accounting for a substantial part [11]. Therefore, a study on mounting
systems is needed to increase the energy and consequentiality the
economic efficiency of 𝑃𝑉 systems.

The mounting systems can be classified into two categories: with
and without solar tracking system. As the movement of the Sun in
the sky throughout the day is continuous, it is obvious that the most
efficient 𝑃𝑉 module mounting system is one that is equipped with
solar tracking [2]. Therefore, in order to maximise the amount of
solar irradiance incident on the 𝑃𝑉 modules, solar tracking systems
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(𝑆𝑇𝑆) have been developed to align the 𝑃𝑉 modules with the Sun.
Applications of 𝑆𝑇𝑆𝑠 are various, such as large-scale 𝑃𝑉 plants [12],
𝑃𝑉 greenhouses [13], and 𝑃𝑉 pump storage systems [14]. This study
focuses on large-scale 𝑃𝑉 plants. However, these advances are not
always properly applied to 𝑃𝑉 plant design and/or operation, and,
consequently, the optimal development that these advances require for
𝑃𝑉 plants has not yet been achieved.

𝑆𝑇𝑆𝑠 are generally categorised according to the number of rota-
tional motions [2]: dual-axis tracking (with two axes of rotation) and
single-axis tracking (with one axis of rotation and different orienta-
tions). Dual-axis tracking allows the 𝑃𝑉 module to orientate towards
any direction of the celestial sphere. According to the orientation of
the rotation axis, single-axis tracking can have the following con-
figurations [2]: (i) Single-axis tracker configuration with horizontal
North–South axis and East–West tracking (rotating around a horizontal
axis aligned with the North–South axis), and (ii) Single-axis tracker
configuration with horizontal East–West axis and North–South track-
ing (rotating around a horizontal axis aligned with the East–West
axis). Other arrangements of the axis of rotation are possible from a
theoretical point of view, but not from a practical point of view [15].

Obviously, dual-axis tracker systems show the best results. In [2],
solar resources were analysed for all types of tracking systems at 39
sites in the northern hemisphere covering a wide range of latitudes.
Dual-axis tracker systems can increase electricity generation compared
to single-axis tracker configuration with horizontal North–South axis
and East–West tracking from 2.59% up to 15.88%, and compared to
single-axis tracker configuration with horizontal East–West axis and
North–South tracking from 12.62 up to 21.95%. Because the single-axis
tracker configuration with horizontal North–South axis and East–West
tracking produces more energy than the single-axis tracker configu-
ration with horizontal East–West axis and North–South tracking, the
former will be the subject of this study. Furthermore, to simplify its
name, it will be called horizontal single-axis tracker [15].

For large-scale 𝑃𝑉 plants, other factors have to be taken into
account, such as initial investment costs, operation and maintenance
cost, available land area, soil conditions, and wind loads [11,16,17].
A dual-axis tracker typically represents a 20–25% increase in average
installation costs compared to a horizontal single-axis tracking config-
uration, assuming the large-scale 𝑃𝑉 plant is of the same size [15].
Martin et al. [16] evaluated six large-scale 𝑃𝑉 plants in Spain and
concluded that the complexity of the dual-axis tracking system is
underestimated from an operation and maintenance point of view. On
the other hand, an economic study using the so-called levelised cost
of electricity indicator was presented in [2,17]. Both works concluded
that horizontal single-axis tracking configuration is more advantageous
than dual-axis tracking system. In practice, the horizontal single-axis
tracking system is the most commonly used [15]. Because to the high
utilisation of the horizontal single-axis tracking system in large-scale
𝑃𝑉 plants, the optimisation of its performance is a task of great
importance.

Due to the large number of variables that have to be taken into
account in the design of a 𝑃𝑉 plant, this task is complex [18]. These
variables can be grouped as: variables related to the land (available
land area, land shape, land orientation, land inclination), variables
related to climatic conditions (geographical location, local weather
conditions), variables related to the technology used (mounting system
configuration with and without solar tracking system, choice of normal
tracking strategy and backtracking strategy for solar tracking mounting
systems, 𝑃𝑉 module, inverter, etc.), variables related to the opera-
tion of the plant (environment favourable to soiling of 𝑃𝑉 modules,
availability of water for cleaning the 𝑃𝑉 modules), and variables
related to nearby infrastructure (good accessibility, availability of a
power grid and the accessibility to it, etc.). Several disciplines have to
work together to achieve a good design. Therefore, the designer must
select the components of the 𝑃𝑉 system, such as the layout of the
628

mounting systems, the mounting systems configuration, the number of
mounting systems, the model of the 𝑃𝑉 modules, the number and type
of inverters, etc.

As discussed above, the optimisation strategy for a 𝑃𝑉 plant can de-
pend on a large number of variables. Therefore, several methodologies
have been proposed depending on the final objective.

Alves et al. [19] presented the design optimisation of utility-scale
single-axis tracking 𝑃𝑉 plants, using evaluation metrics that take into
account both the energy yield and the total energy production effi-
ciency of the 𝑃𝑉 plant. For this purpose, they used 26,700 simulations
of different combinations of the constructive aspects of a base 𝑃𝑉
plant as well as different modules used. Two mounting system topolo-
gies were evaluated: (i) fixed tilt angle and (ii) horizontal single-axis
tracker. However, this work does not consider other conditions that
depend on the mounting system configuration, such as the periods of
operation or the inter-row spacing design.

János and Gróf [20] described a method for the simultaneous
optimisation of 10 design parameters of a photovoltaic plant, including
electrical parameters (𝑃𝑉 module power, series 𝑃𝑉 modules number,
parallel strings number, inverters number, 𝐷𝐶 voltage drop, 𝐴𝐶 voltage
drop, cable losses), and topological parameters (𝑃𝑉 module tilt angle,
𝑃𝑉 module orientation, distance between rows, support structure di-
mensions). The main differences with the present study is that it uses
mounting systems with a fixed tilt angle. Furthermore, the layout of the
mounting system and the landshape have not been taken into account.

Bayón et al. [21] presented the optimal distribution of mounting
systems with a fixed tilt angle on flat roofs of urban building so that the
total absorbed energy is maximised. The main differences between this
work and the study presented here is that it uses photovoltaic systems
without solar tracking system and the shape of the surface is regular.
Therefore, the algorithm used is less complex than the one presented
here, among other reasons, because the shadow study is more complex
as the 𝑃𝑉 modules have movement.

As the availability of rooftop space has been identified as an im-
portant limiting factor in the installation of 𝑃𝑉 systems, the authors
[22] presented an algorithm that optimises the deployment of 𝑃𝑉
modules on irregular shaped rooftops. In addition to using mounting
systems without solar tracking system, the space available is limited.
These are the two major differences with the work presented here.
Therefore, the algorithm used is less complex than the one presented
here. The movement of the photovoltaic modules complicates the study
of shadows.

Barbón et al. [11] determined the optimal distribution of mounting
system with a fixed tilt angle on irregular land shapes. To do this, they
used a packing algorithm. Different mounting system configurations
and tilt angles are incorporated in the study to take into account the
irregular land shape. There are very important differences with respect
to the study presented here. As the current study uses mounting systems
with horizontal single-axis tracker configuration, the shading study
between 𝑃𝑉 modules is different, and the determination of the solar
tracking algorithm was not the subject of the previous study.

Tahir et al. [23] presented a worldwide study, using a novel ap-
proach to decouple energy performance from cost considerations, by
parameterising the 𝐿𝐶𝑂𝐸 formula in terms of ‘‘land-related cost’’ and
‘‘module-related cost’’ to demonstrate that an interaction of these pa-
rameters defines the optimal design of 𝑃𝑉 plants with bifacial modules.
This study does not take into account the land shape and differ-
ent mounting system configurations, which are key parameters in
optimising the layout of mounting systems in a 𝑃𝑉 plant.

Aronescu and Appelbaum [24] optimised the solar field of 𝑃𝑉
plants with the following decision variables: 𝑃𝑉 module tilt angle,
height of rows, rows number, distance between rows, series 𝑃𝑉 mod-
ules number, parallel strings number, and the dimensions of the field’s
total area. The main differences with the present study is that it uses
mounting systems with a fixed tilt angle without taking into account

the possible configurations of the mounting system, and regular shapes
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of the land, which makes the study presented here totally different and
more complex.

Despite the importance of the issue, as this kind of research helps
decision-making on 𝑃𝑉 plant design, only a few papers deal with the
ptimisation of large-scale 𝑃𝑉 plant design. And none of them take
nto account the land shape, the use of single-axis trackers, and the
ossible configurations of mounting systems. To do this, it is necessary
o identify the factors that can help improve the performance of a 𝑃𝑉
lant with single-axis solar tracking, such as:

(i) Available land area. As a consequence of low 𝑃𝑉 module prices
and high land costs, it is necessary to optimise the layout of
𝑃𝑉 modules on land to maximise the return on land invest-
ment [25]. In this sense, the aim is to achieve the maximum
energy production per available land area, rather than the op-
timum energy production per peak power [11]. Ong et al. [26]
conducted a comprehensive analysis of almost 200 𝑃𝑉 plants
in the United States. They distinguish between the total and
the direct land area. The total land area comprises all the land
enclosed by the site boundary. On the other hand, the land occu-
pied by 𝑃𝑉 modules, buildings (offices and sanitary rooms, low
voltage/medium voltage station, medium voltage/high voltage
station, communications) and access roads, is referred to as direct
land area. However, there is not much data in the literature on
the direct area occupied by 𝑃𝑉 modules in 𝑃𝑉 plants [27]. This
is very important, as this surface can be related to the installed
𝑃𝑉 module area, and therefore, it can be associated with the
generated 𝑃𝑉 energy [27]. Therefore, during the design phase
of a 𝑃𝑉 plant, it is necessary to analyse the direct surface area
occupied by the 𝑃𝑉 modules. However, there are few studies
available in the literature on this parameter. If the 𝑃𝑉 field is not
physically constrained, it simplifies the problem a lot, but this is
not the situation in most cases.

(ii) Land shape. The shape of the land plays a crucial role in the
layout of the mounting systems in large-scale 𝑃𝑉 plants. The
basic shape of the land is rectangular or a combination of this
shape. However, this shape is not the most common. The usual
shape of large-scale 𝑃𝑉 plants is the irregular shape. Several
studies have shown increased complexity in the design of 𝑃𝑉
systems due to the irregular land shape [11].

(iii) Self-shading of 𝑃𝑉 modules. Shading in certain modules caused
by nearby module rows is called self-shading. Self-shading plays
a significant role in the design of the solar tracking algorithm
as it affects the total energy generated [25]. This is because the
shaded cells do not receive the beam component of the solar
irradiance and, consequently, the solar irradiance levels captured
for partially shaded 𝑃𝑉 modules are considerably reduced. An-
other negative effect of self-shading on the 𝑃𝑉 module, which
can cause it to deteriorate, is the appearance of hot spots in
the shaded cell [28]. The shaded cell becomes a resistor that
consumes the energy of neighbouring cells in its own string, in-
creasing the cell temperature and producing hot spots. Therefore,
estimating the hours of the day when shading losses occur is
essential. However, the problem is very complex, since in addition
to the solar geometry, it is affected by many variables related
to the design of the 𝑃𝑉 plant, such as the spacing between
rows of 𝑃𝑉 modules, the mounting system configuration, the
land shape, etc. Therefore, the effect of inter-module shading on
energy conversion in 𝑃𝑉 plants has been the subject of many
studies [29,30]. In the central hours of the day there can also
be energy losses due to self-shading. These losses are regulated
by various legislations [31]. In this sense, this paper presents a
calculation process to determine the minimum distance between
rows of modules of a 𝑃𝑉 plant with single-axis solar tracking
that minimises the effect of shadows between 𝑃𝑉 modules. These
energy losses are more difficult to avoid in the early hours of the
day. For this purpose, a suitable solar tracking algorithm called
629

backtracking can be used.
(iv) Operational periods of solar tracking. The determination of the
solar tracking operating periods are essential for the design of
the solar tracking algorithm that maximises the effective annual
incident energy on the 𝑃𝑉 modules. These periods of operation
can be classified as follows: backtracking mode, limited range of
motion, and normal tracking mode. The analysis of these periods
of operation is one of the objectives of this study.

(v) 𝑃𝑉 module mounting system configuration. In this paper, 𝑃𝑉
plants with horizontal single-axis tracking are analysed. This
tracking system supports several configurations of 𝑃𝑉 modules
such as 1 V and 2 V. It is common for several configurations of
different sizes to be used in the same 𝑃𝑉 plant [15]. They have
the same width, but different lengths, i.e. larger size configuration
and smaller size configuration. For example, 1 V × 56 (larger
size) and 1 V × 28 (smaller size). As it has been shown in other
studies [11,21], these configurations have a strong influence on
the energy generated on a given surface.

Taking all these factors into account in the design of large-scale 𝑃𝑉
lants is complex due to the large number of 𝑃𝑉 modules involved.
n this line of research, this study aims to optimise the distribution
f single-axis solar trackers in large-scale 𝑃𝑉 plants that optimises
he capture of solar irradiance by 𝑃𝑉 modules and, consequently, to
aximise the conversion of electrical energy. In order to achieve this

bjective, this paper proposes the following methodology: (i) Inter-
ow spacing design; (ii) Determination of operating periods of the 𝑃𝑉
ystem; (iii) Optimal number of solar trackers; and (iv) Determination
f the effective annual incident energy on 𝑃𝑉 modules.

Faced with so many design options, the aim of this paper is to
how a methodology for finding the optimal layout of single-axis solar
rackers in large-scale 𝑃𝑉 plants. In order to illustrate the method-
logy, a study of a large-scale photovoltaic plant located in Spain is
resented in detail. Compared to previous reviews on this issue, the
ain contributions of this paper can be summarised as follows:

(i) A detailed analysis of the design of the inter-row spacing and
operating periods of the 𝑃𝑉 system.

(ii) The algorithm presented in this paper for each mounting system
configuration and size, maximises the total incident energy on the
𝑃𝑉 modules of the 𝑃𝑉 plant, taking into account the shading
between the rows of 𝑃𝑉 modules and the operating periods.

(iii) A detailed analysis of the loads on single-axis solar tracker mount-
ing systems, such as: weight of the structure, weight of the 𝑃𝑉
modules, snow loads, wind loads, and combinations thereof.

(iv) A detailed cost analysis of single-axis solar tracker mounting
systems.

The design of the row spacing and the determination of the op-
rating periods are closely linked. Their evaluation is a key part of
he calculation of the energy captured by the 𝑃𝑉 modules. They are
herefore discussed in bullet (i).

With regard to bullet (ii), the essential part of the proposed method-
logy is the development of a packing algorithm that maximises the
nergy captured by the 𝑃𝑉 modules and provides answers to a number
f practical questions such as: which mounting system configuration is
est?, How many mounting systems can be installed?, and What is the
ptimal layout of the mounting systems?.

The mounting system must ensure that 𝑃𝑉 modules and structure
remain attached during high wind speed, and that the structural capac-
ity of the mounting system withstands the additional loads and their
combinations. These verifications are carried out in bullet (iii).

The selection of a mounting system configuration for a 𝑃𝑉 plant
with single-axis trackers is not only based on technical feasibility. The
economic aspect of energy generation also plays a key role in the
decision making. Therefore, the cost of the mounting system needs to

be addressed comprehensively. This is discussed in bullet (iv).
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The presented methodology can enable 𝑃𝑉 plant designers to deter-
mine the optimal distribution of single-axis solar trackers on irregular
shaped parcels of land. The application of the proposed methodology
results in the most efficient mounting system configuration and its
optimal number, the optimal surface of the 𝑃𝑉 field and the maximum
annual incident energy on the 𝑃𝑉 modules. This methodology has been
applied to the Granjera photovoltaic power plant, located in Zaragoza,
Spain. The mounting system configuration and its layout proposed by
the methodology increases the amount of energy captured by 91.18%
in relation to the current of the Granjera 𝑃𝑉 power plant.

The remainder of the paper is organised as follows: the background
on astronomical and technical considerations, and a model to estimate
the solar irradiance are shown in Section 2. The proposed methodology
is explained in detail in Section 3. Section 4 presents an assessment of
the economic viability. Section 5 presents the results obtained in the
case of a 𝑃𝑉 plant located in Spain. Finally, the main conclusions of
this work are drawn in Section 6.

2. Background

In order to apply the methodology presented in this paper, several
previous studies have to be taken into account, such as: astronomical
considerations of the Sun’s motion, technical considerations of the
single-axis solar tracker, periods of operation of this solar tracker
(backtracking mode, limited range of motion, and normal tracking
mode), and last but not least, the solar irradiance model used in the
calculations.

2.1. Technical considerations of a horizontal single-axis tracking

The type of tracking system analysed in this paper has the following
characteristics: horizontal single axis tracker, North–South axis align-
ment and East–West tracking with backtracking. This system will be
called horizontal single-axis tracking. As mentioned above, this tracking
system supports a number of configurations, such as 1 V, 2 V, 1𝐻 ,
and 2𝐻 . In practice, the most commonly used configurations are 1 V
and 2 V [15]. Therefore, they are the configuration used in this study.
However, the study can easily be applied to another configuration.

A horizontal single-axis tracking consists of columns, beams, spher-
ical bearings, axis and a drive device. Fig. 1a shows a photograph
of a single-axis tracker aligned with North–South axis and East–West
tracking, 1 V configuration, manufactured for Gonvarri Solar Steel [15]
and located at the Electrical Engineering Department of the University
of Oviedo (Gijón, Spain). Fig. 1.b shows a schematic of this solar tracker
with 1 V configuration. The structural system has a surface treatment
of Hot-Dip Galvanising. The tracking system consists of transmission
system (spherical bearings), DC motor and drivers, and electronic con-
trol system. The tracking system is driven by a single engine. The 𝑃𝑉
modules rotate from East to West on a horizontal axis, following the
Sun’s daily movement. This configuration has a limited range of motion
angle (𝛽max). This range depends on the manufacturer. Typical values
are 𝛽max = ±60 (◦) [15]. The minimum distance from the ground during
operation is another consideration at the design phase.

It is common for several configurations of different sizes to be
used in the same 𝑃𝑉 plant [15]. They have the same width, but
different lengths, i.e. larger configuration and smaller configuration.
For example, 1 V × 56 (larger size) and 1 V × 28 (smaller size).

2.2. Normal tracking mode

Normally, these solar trackers perform astronomical solar track-
ing that, at any given moment, seeks to minimise the angle of solar
incidence [32]. Except for dual-axis tracking, it is impossible to contin-
uously achieve the cosine of the angle of incidence to unity. In the case
of the horizontal single-axis tracking, the minimisation is achieved by
matching tracker rotation to the projection of the Sun’s position onto
the tracking plane of rotation. It is a solar tracker that at noon passes
over its horizontal surface, but with continuous movement during the
day to follow the solar altitude 𝛼 .
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Fig. 1. Representation of a horizontal single-axis tracking.

2.3. Backtracking mode

During low solar elevation intervals (sunrise and sunset) the highest
incidence of self-shading occurs between the 𝑃𝑉 modules. To avoid this
phenomenon, a technique known as backtracking is used [33]. This
technique consists of varying the tilt angle (𝛽𝐵) of the 𝑃𝑉 modules
so that the shadows of each row of 𝑃𝑉 modules are not projected
onto the row behind. Although, this solar tracking does not achieve
maximum solar irradiance capture, the negative effect of this reduction
is compensated by the absence of hot spots [34].

2.4. Determination of solar irradiance in the plane of array

The total solar irradiance incident on a tilted plane consists of three
components [32]: beam component, diffuse component and ground-
reflected component. The determination of the beam component is
straightforward [32]. The determination of the other two components
is more complex and admits several interpretations.

Casares de la Torre et al. [33] presented a study analysing the
conversion of 𝑃𝑉 installations with horizontal single-axis tracking
configuration into agrivoltaic installations. To determine the diffuse
irradiance incident on the 𝑃𝑉 modules, three models were considered:
Liu–Jordan isotropic model [35], Hay–Davies anisotropic model [36],
and Perez’s anisotropic model [37]. The results showed great similarity
with the three models. In another study, Mehleri et al. [38] compared
4 isotropic and 7 anisotropic models. They conclude that the most
accurate results were produced with the Liu and Jordan model [35].
The isotropic model proposed by Liu and Jordan [35] assumes that
the diffuse irradiance is uniform over the sky. This model has been
validated in different places and is recognised worldwide [39–41].
Therefore, it can be assumed that the use of this simplified model allows
valid results to be extracted. This model has been used in this work.

The irradiance reflected from the ground is essentially impossible to
compute it precisely, due to the many factors contributing to it [32].
Therefore, the irradiance reflected from the ground is also considered
isotropic [35]. This assumption and the equation proposed by Liu
and Jornal [35] for its determination is assumed by most authors
[36,37,39–41].

To calculate the total solar irradiance incident on a tilted plane,
it is necessary to previously know the beam and diffuse horizontal
irradiances [32]. It is well known that the distribution of annual solar
irradiance is site-specific and shows considerable variations due to the
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Fig. 2. A flowchart outlining the proposed methodology.
distribution of local cloud cover [42]. In the absence of meteorological
data from ground-level meteorological stations, these solar irradiances
can be estimated by different models such as clear-sky models [40],
satellite-based models [43], temperature-based methods [44], etc. For
this purpose, the model proposed by [45] is used in this paper. This
method determines the adjusted hourly solar irradiance on horizontal
surfaces, both beam and diffuse. The term ‘‘adjusted’’ indicates that the
weather conditions at each location are considered. This model has
been validated in different places [45]. As this method incorporates
the meteorological conditions of each location, it gives good results
and has been used in several studies [11,21,46]. The adjusted hourly
beam and diffuse solar irradiance on a horizontal surface to the weather
conditions of a particular site calculated following the method proposed
by [45] are denoted as I𝑏ℎ and, I𝑑ℎ, respectively.

The total solar irradiance incident on a tilted plane can be expressed
as follows [32]:

I𝑡 (𝑛, 𝛽, 𝑇 ) = I𝑏ℎ (𝑛, 𝑇 ) ⋅
cos 𝜃𝑖
cos 𝜃𝑧

+ I𝑑ℎ (𝑛, 𝑇 ) ⋅
(

1 + cos 𝛽
2

)

+

+
(

I𝑏ℎ (𝑛, 𝑇 ) + I𝑑ℎ (𝑛, 𝑇 )
)

⋅ 𝜌𝑔 ⋅
(

1 − cos 𝛽
2

)

(1)

where I𝑏ℎ (𝑛, 𝑇 ) (W∕m2) is the adjusted beam solar irradiance on a hori-
zontal surface, I𝑑ℎ (𝑛, 𝑇 ) (W∕m2) is the adjusted diffuse solar irradiance
on a horizontal surface, 𝑛 (𝑑𝑎𝑦) is the day of the year, 𝛽 (◦) is the tilt
angle, 𝜃𝑧 (◦) is the zenith angle of the Sun, 𝜌𝑔 is the ground reflectance
(𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠), 𝑇 (ℎ) is the solar time, and 𝜃𝑖 (◦) is the incident angle.

The ground reflectance varies with the type and rugosity of the land,
the spacing between rows of 𝑃𝑉 modules, shadows from other 𝑃𝑉
modules, or position of the Sun [34]. Due to the difficulty of correctly
estimating the instantaneous ground reflectance, it has been assumed
a constant value.

On the other hand, the incident angle 𝜃𝑖 can be calculated for each
operating period of the solar tracker as [32]:

- In normal tracking mode, 𝛽, with the well-known equation:

cos 𝜃 =
√

cos2 𝜃 + cos2 𝛿 sin2 𝜔 (2)
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𝑖 𝑧
In limited range of motion, 𝛽max:

cos 𝜃𝑖 = cos 𝛽max cos 𝜃𝑧 + sin 𝛽max sin 𝜃𝑧 cos
(

𝛾𝑠 − 𝛾
)

(3)

In backtracking mode, 𝛽𝐵 :

cos 𝜃𝑖 = cos 𝛽𝐵 cos 𝜃𝑧 + sin 𝛽𝐵 sin 𝜃𝑧 cos
(

𝛾𝑠 − 𝛾
)

(4)

where 𝛽 (◦) is the tilt angle, 𝛽max (◦) is the limited range of motion, 𝛽𝐵
(◦) is the backtracking angle, 𝜃𝑧 (◦) is the zenith angle of the Sun, 𝛾 (◦)
is the azimuth angle, 𝛾𝑆 (◦) is the azimuth of the Sun, 𝛿 (◦) is the solar
declination, and 𝜔 (◦) is the hour angle.

3. Methodology

The optimal design of a 𝑃𝑉 plant can be formulated as an objective
function with a set of constraints. The problem variables are very high
as discussed above. The objective function can be defined on the basis
of energy or economic criteria, and the constraints are usually of a
technical nature. Therefore, due to the large number of variables, this
work has been limited to optimising the following aspects of 𝑃𝑉 plant
design: (i) maximising the amount of solar irradiance falling on the
𝑃𝑉 modules, (ii) avoiding the phenomenon of self-shading between 𝑃𝑉
modules, and (iii) minimising the levelised cost of electricity (𝐿𝐶𝑂𝐸).
In order to achieve the proposed goals, a methodology was developed.
This consists of the following steps: (i) Inter-row spacing design; (ii)
Determination of operating periods of the 𝑃𝑉 system; (iii) Optimal
number of solar trackers; and (iv) Determination of the effective annual
incident energy on photovoltaic modules. A flowchart outlining the
proposed methodology is shown in Fig. 2.

A 𝑃𝑉 plant with horizontal single-axis tracking is considered. Fig. 3
shows a schematic of a 𝑃𝑉 plant with this tracking system and 1 V
configuration. As shown in Fig. 3, each mounting system can be charac-
terised by several parameters: length of the mounting system (𝐿), width
of the mounting system (𝑊 ), height of the column (𝑝), and minimum
distance on the ground (𝑒𝑠). The distance 𝐸−𝑊 from column to column
of two adjacent mounting systems is the pitch (𝑒𝑡). The 𝑁 −𝑆 distance
between adjacent mounting systems is the longitudinal distance (𝑒𝑙).
It is necessary to leave a distance 𝐸 −𝑊 (𝑑 ) between two adjacent
min



Renewable Energy 211 (2023) 626–646A. Barbón et al.

(

Fig. 3. Representation of a horizontal single-axis tracking.
mounting systems for cleaning and maintenance. In addition, each 𝑃𝑉
module can also be characterised by: length of a 𝑃𝑉 module (𝐿𝑃𝑉 ),
and width of a 𝑃𝑉 module (𝑊𝑃𝑉 ).

The transverse angle 𝜃𝑡 (◦) is given by [32]:

𝜃𝑡 = arctan(tan 𝜃𝑧 ||sin 𝛾𝑠||) (5)

In normal tracking mode, the tracking angle 𝛽 (◦) is the solar transversal
angle 𝜃𝑡 (◦) [32]:

𝛽 = 𝜃𝑡 (6)

In order to achieve the stated goals, the following conditions are
assumed:

(i) The land can be of any irregular shape and is flat. Land selection
and geographical location are not the focus of this study.

(ii) Horizontal single-axis tracking will be used in this study.
(iii) Although, the number of commercial 𝑃𝑉 module models is very

high, only one model is considered in this study. The use of
another 𝑃𝑉 module model would only affect the dimensions of
the mounting system, so the procedure would be the same.

(iv) The choice of mounting system configuration is limited to the
models most commonly used in 𝑃𝑉 plants [15], the 1 V and
2 V. However, the proposed algorithm could use another type of
mounting system configuration.

(v) From a practical point of view, it is necessary to consider a
longitudinal distance (𝑒𝑙) to facilitate the passage between the
mounting systems [15].

(vi) A minimum transverse maintenance distance (𝑑min) between rows
of mounting systems is considered to allow for proper inspection,
cleaning and maintenance. This value shall be taken with the
solar tracker in its limited range of motion angle, 𝛽max.

(vii) The solar tracker has a limited range of motion. This range
depends on the manufacturer. Typical values are 𝛽max = ±60
(◦) [15].

viii) A minimum distance on the ground (𝑒𝑠) of the mounting systems
is considered. A typical value is 𝑒𝑠 = 0.4 (m) [15].

3.1. Inter-row spacing design

During the initial design phase of a 𝑃𝑉 plant there are several
parameters that can be easily modified and that affect the profitability
of the project. One of these parameters is the inter-row spacing. The
amount of shade depends on this parameter, therefore this parameter
plays a very important role. Therefore, this methodology starts with the
inter-row spacing design. In normal tracking mode, one row of solar 𝑃𝑉
modules can cause a shadow on the other row if the adequate inter-row
spacing is not taken into account when designing the 𝑃𝑉 plant. Inter-
row shading causes lower energy production and can also damage 𝑃𝑉
modules by developing hot spots. Eliminating the impact of shading
can be achieved by increasing the inter-row spacing, but this decision
increases the initial investment costs (land costs, and wiring costs).
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Fig. 4. Detail of the transversal study of the installation.

Two approaches can be applied in inter-row spacing design: one is
based on a minimum required distance between the rows for the main-
tenance of the solar field, and the other is based on avoiding mutual
shading between the rows of 𝑃𝑉 modules. These two approaches have
to be fulfilled at the same time.

In this paper, mathematical equations will be proposed to determine
the inter-row spacing of 𝑃𝑉 modules. To take into account the self-
shading between the rows of 𝑃𝑉 modules, the parameters shown in
Fig. 4 are used. Three of these parameters are subject to restrictions
that have to be fulfilled simultaneously: 𝛽max, 𝑑min and 𝜃𝑡.

The restrictions to be taken into account are:

(i) The solar tracker has a limited range of motion 𝛽max and a
minimum distance on the ground (𝑒𝑠). These parameters are used
to obtain the minimum column height, 𝑝 (m).

(ii) It is necessary to consider a minimum distance between rows
of trackers, 𝑑min, to allow a proper inspection, cleaning, and
maintenance.

(iii) Inter-row spacing should be estimated for minimum shading
losses. To minimise the effects of inter-row shading various tech-
nical reports have been published by different governments. For
example, the Institute for Energy Diversification and Saving of
the Spanish Government [31] states that the distance between
𝑃𝑉 modules has to guarantee a minimum of 4 hours of sunshine
around noon on the Winter solstice. For this purpose, the solar
transversal incidence angle given by 21 December at 10 ∶ 00 is
denoted by 𝜃𝑡𝑠𝑡. The 𝜃𝑡𝑠𝑡 depends strongly on the location’s latitude
and it can be calculated using Eq. (5) and the solar angles, 𝜃𝑧 and
𝛾𝑠, for 21 December at 10 ∶ 00:

𝜃𝑡𝑠𝑡 = arctan(tan 𝜃𝑧 ||sin 𝛾𝑠||) (7)

From Fig. 4 it can be immediately deduced that the minimum
height of the column is given by:

𝑝 = 𝑊 sin 𝛽 + 𝑒 (8)

2 max 𝑠
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Fig. 5. A flowchart outlining the proposed inter-row spacing design.
The parameter 𝑑 follows immediately from Fig. 4 that for any
value of 𝛽 and 𝜃𝑡 is true:

𝑑 = 𝑊 tan 𝜃𝑡 sin 𝛽 (9)

And therefore, the parameter 𝑒𝑡 can be expressed as:

𝑒𝑡 = 𝑑 +𝑊 cos 𝛽 (10)

Since in normal tracking mode, Eq. (6) is satisfied, the parameters
𝑑 and 𝑒𝑡 can be expressed as:

𝑑 = 𝑊
sin2 𝜃𝑡
cos 𝜃𝑡

(11)

𝑒𝑡 =
𝑊

cos 𝜃𝑡
(12)

To calculate the pitch 𝑒𝑡, we will consider simultaneously the
three restrictions mentioned above: 𝛽max, 𝑑min, and 𝜃𝑡𝑠𝑡. A flow-
chart outlining the proposed procedure is shown in Fig. 5.

To obtain 𝑒𝑡, the next steps are to be followed:

(A) Once 𝜃𝑡𝑠𝑡 has been calculated and 𝜃𝑡𝑠𝑡 ≤ 𝛽max, this value is reached
at normal tracking mode (𝛽 = 𝜃𝑡), and therefore from (11) we
have that the distance 𝑑 in this case is:

𝑑𝑠𝑡 = 𝑊
sin2 𝜃𝑡𝑠𝑡
cos 𝜃𝑡𝑠𝑡

(13)

But there are two possible cases: A1 and A2.

(A1) If 𝑑𝑠𝑡 ≥ 𝑑min then, with this design we are guaranteed to meet
all three restrictions. Therefore,

𝑒𝑡 = 𝑑𝑠𝑡 +𝑊 cos 𝜃𝑡𝑠𝑡 (14)

(A2) If 𝑑𝑠𝑡 < 𝑑min then, we must take the value of 𝑑min. In case A2
there are two possible cases: A2a and A2b. It is fulfilled:

(A2a) If 𝜃𝑠𝑡 < 𝜃𝑡𝑠𝑡 then,

𝑒𝑡 = 𝑑min +𝑊 cos 𝜃𝑡𝑑 (15)

(A2b) If 𝜃𝑠𝑡 > 𝜃𝑡𝑠𝑡 then,

𝑒𝑡 = 𝑑min +𝑊 cos 𝛽max (16)

(B) If 𝜃𝑡𝑠𝑡 > 𝛽max then that position cannot be reached by the tracker.
The tracker will be at position 𝛽 = 𝛽max and Eq. (9) will be used:

𝑑𝑠𝑡 = 𝑊 tan 𝜃𝑡𝑠𝑡 sin 𝛽max (17)

But there are two possible cases: B1 and B2.

(B1) If 𝑑𝑠𝑡 ≥ 𝑑min then, with this design we are guaranteed to meet
all three restrictions. Therefore,

𝑒𝑡 = 𝑑𝑠𝑡 +𝑊 cos 𝛽max (18)

(B2) Si 𝑑𝑠𝑡 < 𝑑min then, we must take the value of 𝑑min. Therefore,

𝑒 = 𝑑 +𝑊 cos 𝛽 (19)
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Table 1
Operating periods of the solar tracker for the most general case.

Operating period Start End Tilt angle

Backtracking mode 𝑇𝑅 𝑇𝑏1 𝛽 = 𝛽𝐵
Limited range of motion 𝑇𝑏1 𝑇𝛽1 𝛽 = −𝛽max
Normal tracking mode 𝑇𝛽1 𝑇𝛽2 𝛽 = 𝜃𝑡
Limited range of motion 𝑇𝛽2 𝑇𝑏2 𝛽 = 𝛽max
Backtracking mode 𝑇𝑏2 𝑇𝑆 𝛽 = 𝛽𝐵

3.2. Determination of operating periods of the 𝑃𝑉 system

The determination of the operating periods of the horizontal single-
axis tracking is essential to determine the annual effective energy
incident on 𝑃𝑉 modules and for the design of the solar tracking system.

Figs. 6 and 7 show the operating periods of the solar tracker in
cases 𝐴 and 𝐵, respectively. In these figures, two or three zones of
operation can be distinguished: (i) Backtracking mode; (ii) Limited
range of motion, and (iii) Normal tracking mode.

In Figs. 6 and 7, 𝑇𝑅(𝑛) (hour) is the sunrise solar time, 𝑇𝑏1(𝑛) (hour)
is the end of the backtracking mode, 𝑇𝛽1(𝑛) (hour) is the start of the
normal tracking mode, 𝑇𝛽2(𝑛) (hour) is the end of the normal tracking
mode, 𝑇𝑏2(𝑛) (hour) is the start of the backtracking mode, and 𝑇𝑆 (𝑛)
(hour) is the sunset solar time.

Table 1 summarises the different operating periods of the solar
tracker for the most general case. where 𝛽𝐵 (◦) is the backtracking
angle, and 𝛽max(◦) is the limited range of motion angle.

The sunrise solar time 𝑇𝑅(𝑛) and sunset solar time 𝑇𝑆 (𝑛) can be
determined by classical equations [32]. When 𝛽 = ∓𝛽max in Eq. (5) the
interval [𝑇𝛽1(𝑛), 𝑇𝛽2(𝑛)] can be determined. The determination of 𝑇𝑏1(𝑛)
and 𝑇𝑏2(𝑛) is more complex. A flowchart outlining with the proposed
procedure for the determination of these parameters is shown in Fig. 8.

To obtain 𝑇𝑏1(𝑛) and 𝑇𝑏2(𝑛), it is necessary to take into account:
(i) This section uses the same cases studied in the inter-row spacing

design section. The variable 𝜃𝑡𝑑 is obtained from the corresponding
equation and 𝜃𝑡𝑏 = 𝜃𝑡𝑑 .

(ii) Case A2 can be divided into two scenarios, A2a and A2b:
In case A2a, it is assumed that we are in normal tracking mode and

of the equation:

𝑑min = 𝑊
sin2 𝜃𝑡𝑑
cos 𝜃𝑡𝑑

(20)

The variable 𝜃𝑡𝑑 is obtained. If 𝜃𝑡𝑑 < 𝛽max is satisfied, the above
calculation is correct, and 𝜃𝑡𝑏 = 𝜃𝑡𝑑 . If 𝜃𝑡𝑑 > 𝛽max is satisfied, the above
calculation is NOT correct and case A2b must be considered. In A2b
case, the following equation should be used:

𝑑min = 𝑊 tan 𝜃𝑡𝑑 sin 𝛽max (21)

The variable 𝜃𝑡𝑑 is obtained and 𝜃𝑡𝑏 = 𝜃𝑡𝑑 .
Once 𝜃𝑡𝑏 is determined, using Eq. (5), 𝑇𝑏1(𝑛) and 𝑇𝑏2(𝑛) can be

determined.
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Fig. 6. Operating periods of the solar tracker: Case A.
In some cases, depending on the value of the limited range of
motion or the configuration under study, the operating periods are only
two: backtracking mode and normal tracking mode. That is, from the
operating period of backtracking mode, it goes directly to the normal
tracking mode.

Below are some examples, which show the importance of the use of
the possible operating cases of the solar tracker:

(i) Case 𝐴1 is presented in Fig. 6a. It represents a PV plant with
horizontal single-axis tracking, 2 V configuration, located in
Barcelona (Spain) with latitude 41◦23′19′′N, longitude 2◦9′32′′E
and altitude 13 (m). In this case: 𝜃𝑡𝑠𝑡 = 53.98 (◦)< 𝛽max = 60 (◦),
𝑑𝑠𝑡 = 4.72 (m) > 𝑑min = 4 (m).

(ii) Case 𝐴2𝑎 is presented in Fig. 6b. It represents a PV plant with hor-
izontal single-axis tracking, 2 V configuration, located in Almeria
634
(Spain) with latitude 36◦50′07′′N, longitude 2◦24′08′′W and alti-
tude 22 (m). In this case: 𝜃𝑡𝑠𝑡 = 49.04 (◦)< 𝛽max = 60 (◦), 𝑑𝑠𝑡 = 3.69
(m) < 𝑑min = 4 (m), 𝜃𝑡𝑑 = 50.63 (◦).

(iii) Case 𝐴2𝑏 is presented in Fig. 6c. It represents a PV plant with
horizontal single-axis tracking, 1 V configuration, located in
Barcelona (Spain) with latitude 41◦23′19′′N, longitude 2◦9′32′′E
and altitude 13 (m). In this case: 𝜃𝑡𝑠𝑡 = 53.98 (◦)< 𝛽max = 60 (◦),
𝑑𝑠𝑡 = 2.34 (m) < 𝑑min = 4 (m), 𝜃𝑡𝑑 = 65.44 (◦).

(iv) Case 𝐵1 is presented in Fig. 7a. It represents a PV plant with hor-
izontal single-axis tracking, 2 V configuration, located in Berlin
(Germany) with latitude 52◦31′12′′N, longitude 13◦24′36′′E and
altitude 34 (m). In this case: 𝜃𝑡𝑠𝑡 = 69.87 (◦)> 𝛽max = 60 (◦),
𝑑𝑠𝑡 = 10.03 (m) > 𝑑min = 4 (m).

(v) Case 𝐵2 is presented in Fig. 7b. It represents a PV plant with
horizontal single-axis tracking, 1 V configuration, located in Paris
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Fig. 7. Operating periods of the solar tracker: Case B.

Fig. 8. A flowchart outlining the determination of operating periods of the 𝑃𝑉 system.
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(France) with latitude 48◦51′12′′N, longitude 2◦20′55′′E and alti-
tude 35 (m). In this case: 𝜃𝑡𝑠𝑡 = 64.01 (◦)> 𝛽max = 60 (◦), 𝑑𝑠𝑡 = 3.74
(m) < 𝑑min = 4 (m), 𝜃𝑡𝑑 = 65.44 (◦).

.3. Backtracking algorithm

The backward strategy eliminates shadows between the 𝑃𝑉 mod-
les during low solar elevation intervals (sunrise and sunset). When no
lope in the land is considered, a standard backtracking sets all rows to
he same angle.

From Eq. (10) the backtracking algorithm can be derived:

𝑡 = 𝑊
(

sin 𝛽
cot 𝜃𝑡

+ cos 𝛽
)

(22)

By performing the following mathematical operations:
𝑒𝑡
𝑊

=
sin 𝛽
cos 𝜃𝑡

sin 𝜃𝑡 + cos 𝛽 (23)

𝑒𝑡
𝑊

cos 𝜃𝑡 = sin 𝛽 sin 𝜃𝑡 + cos 𝛽 cos 𝜃𝑡 = cos(𝜃𝑡 − 𝛽) (24)

𝜃𝑡 − 𝛽 = arccos
( 𝑒𝑡
𝑊

cos 𝜃𝑡
)

(25)

the backtracking angle, 𝛽𝐵 is calculated according to the following
equation:

𝛽𝐵 = 𝜃𝑡 − arccos
( 𝑒𝑡
𝑊

cos 𝜃𝑡
)

(26)

In the previous section, the solar transverse angle was calculated to
mark the principle of backtracking, 𝜃𝑡𝑏.

The derived Eq. (26) is similar to that presented by other authors,
such as [47].

3.4. Optimal number of solar trackers

In the design of a 𝑃𝑉 plant with solar tracking, it is not only
the solar tracking strategies implemented that determine the energy
produced.

A specific packing algorithm implemented in the 𝑀𝑎𝑡ℎ𝑒𝑚𝑎𝑡𝑖𝑐𝑎™
software has been designed for this problem. The algorithm shares
certain ideas with the one presented in [11], although they are different
nature. In the work presented by [11], fixed tilt angle mounting sys-
tems were optimally packaged by calculating their optimum tilt angle,
whereas the present work deals with single-axis trackers. In this case
the problem consists in the maximisation of total 𝑃𝑉 modules area,
choosing the position of the solar trackers on a large area of land. For
this purpose, the projection on the horizontal plane of the solar trackers
in their noon position (𝛽 = 0 (◦)) is considered.

For the development of the packing algorithm, input variables and
variables determined in the previous sections have to be taken into
account: (i) Length of the mounting system, 𝐿 (m); (ii) Longitudinal
distance between solar trackers, 𝑒𝑙 (m); and (iii) Pitch, 𝑒𝑡 (m). All other
variables have already been taken into account in the inter-row spacing
design, such as 𝛽max, 𝑑min, and 𝜃𝑡𝑠𝑡.

Like other similar studies [11], this work uses 𝐺𝐼𝑆 (Geographic
Information System) techniques to determine the 𝑈𝑇𝑀 (Universal
Transverse Mercator) coordinates of the available land area. Specifi-
cally, the software used is the 𝑄𝐺𝐼𝑆™, because it is free software with
an open code [48,49].

Normally two sizes of mounting systems are used in the same 𝑃𝑉
lant [15]. They have the same width, but different lengths, i.e. larger
ize and smaller size. Therefore, the packing algorithm is designed to
ptimally combine these two sizes. In this work, the 1 V × 56, or 2 V ×
6, (larger size) and 1 V × 28, or 2 V × 28, (smaller size) configurations
ave been considered. However, the packing algorithm allows other
onfigurations to be used. Although the 𝑃𝑉 plant is composed of a
igher number of larger configurations due to economic considerations,
t is common to use the smaller configurations to make better use of the
636

rregularities in the contour of the available land area.
The objective function is maximising the total 𝑃𝑉 modules area
(𝐴𝑇𝑃𝑉 ):

𝑇𝑃𝑉 =
𝑁𝑃𝑉
∑

𝑖=1
𝑊𝑃𝑉 ⋅ 𝐿𝑃𝑉 (27)

where 𝑁𝑃𝑉 is the number of 𝑃𝑉 modules, 𝑊𝑃𝑉 (m) is the width of a
𝑃𝑉 module, and 𝐿𝑃𝑉 (m) is the length of a 𝑃𝑉 module. The objective
function is subject to two constraints, such as: the pitch 𝑒𝑡, and the
longitudinal distance between solar trackers 𝑒𝑙.

Fig. 9. shows the schematic of a 𝑃𝑉 plant with 𝑁 − 𝑆 orientation
single-axis tracking. The 𝑃𝑉 modules are represented by rectangles
inside the mounting system. The packing scheme consists of placing
rows of solar trackers to the North–South direction, with dimensions
𝑊 × 𝐿 inside the available land area 𝑃 (see Fig. 9.a). Although 𝑊 is
ot a decision variable in the packing algorithm, as it is included in the
itch 𝑒𝑡. Fig. 9.b shows a value of 𝑊 which is the projection caused at
oon (𝛽 = 0 (◦)) by each mounting system. It is evident that this value
s time-varying, between

[

−𝛽max, 𝛽max
]

with 𝑆 = 𝑊 cos 𝛽.
For the explanation of the method, the projection on the horizontal

lane of each mounting system has to be considered. The shape of
his projection is a rectangle of dimensions 𝑊 × 𝐿 (see Fig. 9.b). All

these rectangles 𝑅𝑖𝑗 have the axis of rotation oriented to North–South.
The method gets the dimensions of the land area 𝑃 , and consider the
minimum rectangle 𝑅, where 𝑃 is inscribed. The sides of 𝑅, are the
reference axes (𝑥 − −𝑦) with the 𝑁 − −𝑆 direction as the positive axis
𝑦, and the lower left corner of the rectangle 𝑅, is taken as the origin 𝑂.

The base rectangle 𝑅11 is defined using the vertex 𝐴 on the origin
𝑂 of the rectangle 𝑅:

𝑅11 = {𝐴(0, 0), 𝐵(𝑊 , 0), 𝐶(𝑊 ,𝐿), 𝐷(0, 𝐿)} (28)

Taking:

𝛥𝑥 = 𝑒𝑡; 𝛥𝑦 = 𝐿 + 𝑒𝑙 (29)

the packing pattern adds rectangles 𝑅𝑖𝑗 defined as:

𝑅𝑖𝑗 = {𝐴((𝑗 − 1)𝛥𝑥, (𝑖 − 1)𝛥𝑦), 𝐵((𝑗 − 1)𝛥𝑥 +𝑊 , (𝑖 − 1)𝛥𝑦),

𝐶((𝑗 − 1)𝛥𝑥 +𝑊 , (𝑖 − 1)𝛥𝑦 + 𝑆), 𝐷((𝑗 − 1)𝛥𝑥, (𝑖 − 1)𝛥𝑦 + 𝑆)} (30)

In other studies in the literature, packing algorithms were used with
mounting systems without solar tracking (e.g. [11]) considering the
tilt angle was a decision variable, as was the type of commercial 𝑃𝑉
module and the mounting system configuration. With these character-
istics, the computation time of the algorithm increased significantly,
as there were many possible combinations to be considered by the full
exploration of the search space. However, in this work, only 2 mounting
system configurations are previously chosen by the designer.

Once the variables 𝐿, 𝑒𝑡, and 𝑒𝑙 have been chosen, the only variable
to consider will be the discretisation that will be introduced to remove
the restriction on the fact that the vertex 𝐴 of the basis rectangle 𝑅11
is 𝑂. This allows multiple packings to be considered and the one that
best suits the irregularities of the contour of the available land area 𝑃
to be chosen. To get this, the algorithm chooses different points for the
vertex 𝐴 of 𝑅11 inside the area 𝛥𝑥×𝛥𝑦 highlighted in Fig. 9.c. Given the
dimensions of the mounting system it is interesting to consider 2 types
of discretisations: 𝑚𝑥 and 𝑚𝑦. Outside this area 𝛥𝑥×𝛥𝑦 this arrangement
repeats again.

Once the 𝑚𝑥 × 𝑚𝑦 possible combinations have been analysed, the
algorithm provides the best arrangement of the mounting systems, this
is, the maximum of 𝐴𝑇𝑃𝑉 . The algorithm fills first with the larger
configuration and then with the smaller configuration completes the
irregularities of the available land area. More details will be provided
in the results section.
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Fig. 9. Packing algorithm.

3.5. Effective annual energy incident on 𝑃𝑉 modules

In the design of 𝑃𝑉 plants composed of mounting systems without
a solar tracker (e.g. [11]), it is essential to study the shadows produced
between the rows of mounting systems. In contrast, in this study,
when considering solar tracking mounting systems with backtracking
movement, the shading phenomenon will never occur.

As the shading effect does not occur, the total area 𝐴𝑇𝑃𝑉 is constant
and, the total energy 𝐸𝑇𝑃𝑉 (𝑛) for each day of the year, 𝑛, can be de-
termined by calculating the adjusted irradiance, H𝑡(𝑛) and multiplying
by the total area 𝐴𝑇𝑃𝑉 obtained from the packing algorithm:

𝐸𝑇𝑃𝑉 (𝑛) = H𝑡(𝑛) ⋅ 𝐴𝑇𝑃𝑉 (31)

For the calculation of H𝑡(𝑛), according to Fig. 8, it must be taken
into account that each day 𝑛 of the year has certain operating periods
in which the tilt angle 𝛽 varies. Without loss of generality, Eq. (32)
represents the case that will be studied in the results section. The 5
zones into which the operation period is decomposed are:

H𝑡(𝑛) = ∫

𝑇𝑏1(𝑛)

𝑇𝑅(𝑛)
I𝑡
(

𝑛, 𝛽𝐵 , 𝑇
)

𝑑𝑇 + ∫

𝑇𝛽1(𝑛)

𝑇𝑏1(𝑛)
I𝑡
(

𝑛,−𝛽max, 𝑇
)

𝑑𝑇 +

+ ∫

𝑇𝛽2(𝑛)

𝑇𝛽1(𝑛)
I𝑡
(

𝑛, 𝜃𝑡, 𝑇
)

𝑑𝑇 + ∫

𝑇𝑏2(𝑛)

𝑇𝛽2(𝑛)
I𝑡
(

𝑛, 𝛽max, 𝑇
)

𝑑𝑇 + ∫

𝑇𝑆 (𝑛)

𝑇𝑏2(𝑛)
I𝑡
(

𝑛, 𝛽𝐵 , 𝑇
)

𝑑𝑇

(32)

4. Assessment of the economic viability

Two alternative mounting system configurations, 1 V and 2 V, are
considered in this study. The assessment of the economic viability of
each configuration studied is a key element in making an investment
decision. Therefore, the objective of this section is to measure the
economic value of each of the two configurations.

The assessment of the economic viability is formulated using the
initial investment costs, operation and maintenance costs, as well as the
total energy generation, during the lifetime period of the 𝑃𝑉 modules.
For this purpose, the levelized cost of the produced electrical energy
(𝐿𝐶𝑂𝐸) is determined. The 𝐿𝐶𝑂𝐸 is defined by Branker et al. [50] as
the ratio between the life-cycle cost of the 𝑃𝑉 system and the whole life
produced energy. The 𝐿𝐶𝑂𝐸 in (e∕kWh) of a 𝑃𝑉 system is expressed
in the following equation [50]:

𝐿𝐶𝑂𝐸 =
∑𝐼

𝑖=0
[

𝐶𝑇 𝑖∕ (1 + 𝑟)𝑖
]

∑𝐼
𝑖=0

[

𝑆𝑖∕ (1 + 𝑟)𝑖
]

(33)

where 𝐶𝑇 𝑖 is the total cost of the project for 𝑖 (e), 𝑆𝑖 is the total
electrical energy output for 𝑖 (kWh), 𝐼 is the lifetime of the project
(𝑦𝑒𝑎𝑟𝑠), 𝑟 is the discount rate for 𝑖, and 𝑖 is the year.
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4.1. Total cost of a large-scale 𝑃𝑉 plant

The total cost of a large-scale 𝑃𝑉 plant during its lifetime depends
not only on the initial investment cost, but also on the operation and
maintenance costs. The first can be determined with some ease, while
the second are more difficult to determine.

As there is no standardisation for Operation and Maintenance costs
[51], it is difficult to determine them. Mortensen [52] suggests that
these costs with solar tracking systems are twice as high as those
without solar tracking. The National Renewable Energy Laboratory
recommends assuming an annual operation and maintenance costs
of 0.5% of the initial investment cost for large systems [53]. This
recommendation has been taken into account in this study.

The initial investment cost components are as follows: total number
of 𝑃𝑉 modules (𝑁𝑃𝑉 ), unit cost of a 𝑃𝑉 module (𝐶𝑃𝑉 ) in (e∕𝑢𝑛𝑖𝑡), total
number of mounting systems (𝑁𝑀𝑆 ), unit cost of the mounting systems
(𝐶𝑀𝑆 ) in (e∕𝑢𝑛𝑖𝑡), total number of electric motors (𝑁𝐸𝑀 ), unit cost of
the electric motor (𝐶𝐸𝑀 ) in (e∕𝑢𝑛𝑖𝑡), total number of control systems
(𝑁𝐶𝑆 ), unit cost of the control system (𝐶𝐶𝑆 ) in (e∕𝑢𝑛𝑖𝑡), total number
of inverters (𝑁𝑖𝑛𝑣), unit cost of the inverter (𝐶𝑖𝑛𝑣) in (e∕𝑢𝑛𝑖𝑡), cost of
the land area (𝐶𝐿) in (e), cost of the cable (𝐶𝐶𝑏) in (e), cost of the
transformer (𝐶𝑇 ) in (e), cost of the protection devices (𝐶𝑃𝐷) in (e),
and cost of the monitoring system (𝐶𝑀 ) in (e). Obviously, these costs
are highly dependent on site-specific parameters.

In this paper, the available land area is considered to be a constant
parameter, so the following components of the initial investment cost
can also be considered to be constant: 𝐶𝐿, 𝐶𝐶𝑏, 𝐶𝑇 , 𝐶𝑃𝐷, and 𝑁𝑖𝑛𝑣.
Although, the 𝐶𝑖𝑛𝑣 could slightly vary with each configuration, its value
has also been considered to be constant. The remaining parameters will
depend on the configuration analysed. The values 𝑁𝑃𝑉 , 𝑁𝑀𝑆 , 𝑁𝐸𝑀 ,
and 𝑁𝐶𝑆 are output parameters of the proposed algorithm. 𝐶𝑃𝑉 , 𝐶𝐸𝑀 ,
and 𝐶𝐶𝑆 are given by the manufacturers. Finally, a structural analysis
is necessary to determine 𝐶𝑀𝑆 , as the weight of the mounting system
defines its cost. According to these conditions, the initial investment
cost can be determined as follows:

𝐶𝑖 = 𝑁𝑃𝑉 ⋅ 𝐶𝑃𝑉 +𝑁𝑀𝑆 ⋅ 𝐶𝑀𝑆 +𝑁𝐸𝑀 ⋅ 𝐶𝐸𝑀 +𝑁𝐶𝑆 ⋅ 𝐶𝐶𝑆 +𝐾 (34)

4.2. Costs analysis of the mounting system

According to literature, the initial investment costs of the mounting
systems represent a significant part of the total cost of a large-scale 𝑃𝑉
plant [54]. Due to the rising cost of raw materials [55] and the falling
cost of 𝑃𝑉 modules [10], this influence is increasing.

The weight of the different elements of the mounting system de-
termines the cost of the structure, 𝐶𝑀𝑆 . For this it is necessary to
determine the profiles to be used for its manufacture, and therefore
a structural study is essential. The results are shown in Annex D.

4.2.1. Structural analysis of the mounting system
The cost of the mounting system is directly related to the loads

that you have to bear, such as wind loads, snow loads, etc. Therefore,
this section explains in detail the calculation of the loads affecting the
mounting system.

The mounting system must be able to withstand during its lifetime:
(i) its weight; (ii) the weight of the 𝑃𝑉 modules; (iii) the wind load;
(iv) the weight of accumulated snow; and (v) the combination of the
above loads. Although, wind action plays a major role in the design of
the mounting system, other loads must also be considered, especially
in the combination of loads. The procedure used in [11] is applied in
the present study. The results are shown in Annexes A and B. The cost
of the mounting system is directly related to the accurate estimation of
the magnitudes of these loads.
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Fig. 10. Location of the Granjera 𝑃𝑉 power plant and parcel 𝑃 .
4.3. Total electrical energy output

In this study, two different configurations are studied. Therefore,
the energy generated by the 𝑃𝑉 plant is calculated according to the se-
lected configuration. In both configurations, the total electrical energy
output of the 𝑃𝑉 plant is calculated in accordance with the following
equation:

𝑆𝑖 = 𝐸𝑖 ⋅ 𝜂 ⋅
(

1 − 𝑑𝑟
)𝑖 (35)

where 𝑆𝑖 is the total electrical energy output at the 𝑖th year (kWh),
𝐸𝑖 is the availability of solar resource at the 𝑖th year (kWh), 𝜂 is the
performance factor, 𝑑𝑟 is the annual degradation rate, and 𝑖 is the year.

4.4. 𝐿𝐶𝑂𝐸 Efficiency

Following the definition of absolute 𝐿𝐶𝑂𝐸, several authors intro-
duce the term ‘‘𝐿𝐶𝑂𝐸 efficiency’’ [2,56]. This parameter facilitates
comparison of different mounting systems, solar tracking systems, mod-
ule PV technologies, etc. The 𝐿𝐶𝑂𝐸 efficiency can be defined as the
ratio of the 𝐿𝐶𝑂𝐸 of the 1 V configuration (𝐿𝐶𝑂𝐸1𝑉 ) and the 𝐿𝐶𝑂𝐸
of the 1 V configuration (𝐿𝐶𝑂𝐸2𝑉 ):

𝜂𝐿𝐶𝑂𝐸 =
𝐿𝐶𝑂𝐸1𝑉
𝐿𝐶𝑂𝐸2𝑉

(36)

Notice that an 𝜂𝐿𝐶𝑂𝐸 value greater than 1 implies that the 1 V config-
uration is less efficient than the 2 V configuration.

The results of the 𝐿𝐶𝑂𝐸 are highly dependent on the technical
and economic variables previously defined. In this sense, the following
should be taken into account:

(i) As the discount rates are country-specific [57], and the country
is the same in this study, the same 𝑟 can be considered (0.05%).

(ii) The electrical power generated by the 𝑃𝑉 modules in a photo-
voltaic plant depends mainly on the incident solar irradiance, and
𝑃𝑉 cell temperature. In this study, these two variables are the
same in the two cases of configurations studied, so the perfor-
mance factor can be considered to be the same.

(iii) As the two configurations are subject to the same meteorological
conditions, the parameter 𝑑𝑟 is considered to be the same.

(iv) In regards to operation and maintenance costs, the recommenda-
tion of the National Renewable Energy Laboratory has been taken
into account in this study [53]. Therefore, the 0.5% of the initial
investment has been assumed for the operation and maintenance
costs.

5. Results and discussions

According to the proposed methodology, this section shows the op-
timal distribution of horizontal single-axis solar trackers in a 𝑃𝑉 plant
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that maximises the amount of energy captured by the 𝑃𝑉 field. This
methodology is applied to a geographical location. The Granjera 𝑃𝑉
power plant (Zaragoza, Spain). Several codes have been implemented
with 𝑀𝑎𝑡ℎ𝑒𝑚𝑎𝑡𝑖𝑐𝑎™ software. On the one hand, the optimisation al-
gorithm. On the other hand, a specific 𝑀𝑎𝑡ℎ𝑒𝑚𝑎𝑡𝑖𝑐𝑎™ code calculates
the direct, diffuse and reflected components of solar irradiance taking
into account the effect of meteorological conditions at the site. This
𝑀𝑎𝑡ℎ𝑒𝑚𝑎𝑡𝑖𝑐𝑎™ code is based on the method proposed in [45] and takes
as inputs the monthly-averaged beam and diffuse solar irradiation.
These average values are obtained from the 𝑃𝑉 𝐺𝐼𝑆 website [58].

As in practice, the most commonly used mounting system config-
urations are 1 V and 2 V, these are the configurations used in this
study [15]. However, the developed algorithm can easily be applied
to another configuration. Therefore, in this work, the 1 V × 56, or
2 V × 56, (larger size) and 1 V × 28, or 2 V × 28, (smaller size)
configurations have been considered. The width of the mounting system
of the 2 V configuration is double the width of the 1 V configuration,
𝑊2𝑉 = 2 ⋅𝑊1𝑉 .

5.1. Case study

The 𝑃𝑉 plant (Granjera 𝑃𝑉 power plant) with horizontal single-axis
tracking located in Torralbilla and Langa del Castillo (Zaragoza, Spain)
with latitude 41◦13′48′′N, longitude 1◦21′00′′W and altitude 884 (m) is
analysed in this work. The topography of the available land considered
is an irregular shape. Fig. 10 shows the location of the Granjera 𝑃𝑉
power plant, as well as the parcel 𝑃 and the rectangle 𝑅 obtained with
the method described in Section 3.3. The land occupied by the 𝑃𝑉
modules has an extension of 354,414 (m2).

Table 2 summarises the actual parameters of the Granjera 𝑃𝑉 power
plant.

In addition, the mounting systems are separated by a North-to-South
distance 𝑒𝑙 = 0.3 (m) and a minimum distance from East to West
𝑑min = 4 (m).

5.2. Inter-row spacing design

As the Granjera 𝑃𝑉 power plant is located at a latitude of 41◦13′

48′′N, the solar transversal incidence angle by on 21 December at 10 ∶
00 is 𝜃𝑡𝑠𝑡 = 53.8 (◦), and according to the manufacturer 𝛽max = ±60 (◦).

1 V Configuration
As 𝜃𝑡𝑠𝑡 ≤ 𝛽max, 𝑑𝑠𝑡 can be determined by Eq. (13) (see Fig. 5):

𝑑𝑠𝑡 = 𝑊1𝑉
sin2 𝜃𝑡𝑠𝑡
cos 𝜃𝑡𝑠𝑡

= 2.32 (m) (37)

And, as 𝑑𝑠𝑡 < 𝑑min = 4 (m), case A2, 𝑒𝑡 can be determined by Eq. (15)
(see Fig. 5):

𝑒 = 𝑑 +𝑊 cos 𝛽 = 5.05 (m) (38)
𝑡 min 1𝑉 max
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Table 2
Actual parameters of the Granjera PV power plant.

Parameters Value (unit)

Solar tracker

Manufacturer CONVERT
Model TRJ
Type of tracking system Horizontal single-axis tracker

North–South axis alignment
East–West tracking with independent rows
Backtracking

Type of control Control based on and astronomical clock algorithm
Rotation angle Up to 120 (◦) (𝛽max = ±60 (◦))
Maximum tracking error ±2 (◦)
Maximum land slope 15% North–South; Unlimited East–West
Minimum distance over ground at 0.4 (m)
maximum angle of inclination
Dimensions of the configuration 1 V × 56 61.77 × 2.11 × 2.25 (h max) (m)
Photovoltaic field area of the configuration 1 V × 56 124.59 (m2)
Photovoltaic field length of the configuration 1 V × 56 61.24 (m)
Dimensions of the configuration 1 V × 28 30.98 × 2.11 × 2.24 (h máx) (m)
Photovoltaic field area of the configuration 1 V × 28 62.29 (m2)
Photovoltaic field length of the configuration 1 V × 28 30.45 (m)

PV module

Manufacturer Longi Solar
Model LR4-72HPH-430M
Maximum output power (STC) 430 (W)
Dimensions 2015 × 1052 × 35 (mm)
Efficiency (STC) 19.30%
×
(
t

T

2 V Configuration
As 𝜃𝑡𝑠𝑡 ≤ 𝛽max, 𝑑𝑠𝑡 can be determined by Eq. (13) (see Fig. 5):

𝑠𝑡 = 𝑊2𝑉
sin2 𝜃𝑡𝑠𝑡
cos 𝜃𝑡𝑠𝑡

= 4.68 (m) (39)

nd, as 𝑑𝑠𝑡 > 𝑑min = 4 (m), case A1, 𝑒𝑡 can be determined by Eq. (14)
see Fig. 5):

𝑡 = 𝑑𝑡𝑑 +𝑊2𝑉 cos 𝛽𝑡𝑑 = 7.190 (m) (40)

Obviously, increasing the width of the mounting system of the 2 V
configuration increases the pitch, 𝑒𝑡. Thus, the number of mounting
systems in the 2 V configuration will be smaller. This means that the
initial investment cost of the installation will be reduced.

5.3. Determination of operating periods of the 𝑃𝑉 system

1 V Configuration
As 𝜃𝑡𝑠𝑡 ≤ 𝛽max, 𝑑𝑠𝑡 can be determined by Eq. (13) (see Fig. 8):

𝑠𝑡 = 𝑊1𝑉
sin2 𝜃𝑡𝑠𝑡
cos 𝜃𝑡𝑠𝑡

= 2.32 (m) (41)

nd, as 𝑑𝑠𝑡 < 𝑑min = 4 (m), A2a or A2b cases are possible.
(A2a) If the solar tracker is supposed to be in normal tracking mode:

min = 4 = 𝑊1𝑉
sin2 𝜃𝑡𝑑
cos 𝜃𝑡𝑑

→ 𝜃𝑡𝑑 = 64.53◦ (42)

Therefore, 𝜃𝑡𝑑 > 𝛽max is satisfied. The above supposition is not correct
and the case A2b must be considered.

(A2b) As the solar tracker is not in normal tracking mode, the
following equation is used:

𝑑min = 4 = 𝑊1𝑉 tan 𝜃𝑡𝑑 sin 𝛽max → 𝜃𝑡𝑑 = 65.44◦ (43)

Therefore, 𝜃𝑡𝑏 = 𝜃𝑡𝑑 = 65.44 (◦). Using Eq. (5), 𝑇𝑏1(𝑛) and 𝑇𝑏2(𝑛) can be
etermined.
2 V Configuration
As 𝜃𝑡𝑠𝑡 ≤ 𝛽max, 𝑑𝑠𝑡 can be determined by Eq. (13) (see Fig. 8):

𝑠𝑡 = 𝑊2𝑉
sin2 𝜃𝑡𝑠𝑡
cos 𝜃𝑡𝑠𝑡

= 4.68 (m) (44)

nd, as 𝑑𝑠𝑡 > 𝑑min = 4 (m), this is case A1. Therefore, 𝜃𝑡𝑏 = 𝜃𝑡𝑠𝑡 = 53.8
◦). Using Eq. (5), 𝑇 (𝑛) and 𝑇 (𝑛) can be determined.
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𝑏1 𝑏2
Fig. 11 shows the different operating periods of the solar tracker
for Granjera 𝑃𝑉 power plant for the two configurations. In Fig. 11.a,
1 V configuration, you can see the 3 operating zones (backtracking
mode, limited range of motion, normal tracking mode, limited range of
motion, backtracking mode) mentioned above. In contrast, in Fig. 11.b,
2 V configuration, you can see the 2 operating zones (backtracking
mode, normal tracking mode, backtracking mode). From the period of
operation of backtracking mode, it goes directly to the normal tracking
mode.

5.4. Optimal number of solar trackers

Parcel 𝑃 has an area of 354414 (m2) and is inscribed in a rectangle
𝑅 of dimensions 607.569 (m) × 1139.96 (m) (see Fig. 10).

1 V Configuration
According to the manufacturer (see Table 2), the largest size, 1 V

56 configuration has the following dimensions 61.77 × 2.11 × 2.25
ℎ𝑚𝑎𝑥) (m). Therefore, 𝐿 = 61.77 (m), 𝑊1𝑉 = 2.11 (m). In addition,
he previously determined pitch has a value of 𝑒𝑡 = 5.05 (m). Fig. 12.a

shows 1006 mounting systems of the 1 V × 56 configuration with a
𝑃𝑉 module area of 125,338 (m2). The gaps left at the edges of the
parcel (see Fig. 12.b) are then filled by the packing algorithm with the
mounting systems of the smaller size, 1 V × 28 configuration (according
to the manufacturer, 𝐿 = 30.98 (m), see Table 2). In this case there are
119 mounting systems providing a 𝑃𝑉 module area of 7, 412.51 (m2).

he final result is shown in Fig. 12.c. An optimal area of 𝐴𝑇𝑃𝑉 =
132, 750.51 (m2) on a plot 𝑃 of 354,414 (m2) is obtained.

2 V Configuration
According to the manufacturer, the largest size, 2 V × 56 config-

uration has the following dimensions 61.77 × 4.245 × 2.25 (ℎ𝑚𝑎𝑥) (m).
Therefore, 𝐿 = 61.77 (m), 𝑊2𝑉 = 4.245 (m). In addition, the previously
determined pitch has a value of 𝑒𝑡 = 7.19 (m).

Fig. 13.a shows 703 mounting systems of the 2 V × 56 configuration
with a 𝑃𝑉 module area of 175,174 (m2). The gaps left at the edges
of the parcel (see Fig. 13.b) are then filled by the packing algorithm
with the mounting systems of the smaller size, 2 V × 28 configuration
(according to the manufacturer, 𝐿 = 30.98 (m)). In this case there are 84
mounting systems providing a 𝑃𝑉 module area of 10, 464.70 (m2). The
final result is shown in Fig. 13.c. An optimal area of 𝐴𝑇𝑃𝑉 = 185, 638.70
(m2) on a plot 𝑃 of 354,414 (m2) is obtained.
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Fig. 11. Operating periods of the solar tracker for Granjera PV power plant.
Fig. 12. Rows arrangement for the optimum distribution of 𝑃𝑉 modules for 1 V
configuration.

The number of installation combinations of the mounting systems
is very high, as larger and smaller size configurations have to be com-
bined. In addition, the irregular land shape increases the complexity
of this process. Therefore, performing this operation manually is very
complex and time-consuming. The presented algorithm obtains the
optimal combination in a reasonable time. After extensive testing, the
combination 𝑚𝑥 ×𝑚𝑦 = 2× 10 of possible combinations is considered to
be the most suitable for the dimensions 𝑊 ×𝐿 and is a good compromise
between computational time and accuracy for correct packing. For
example for the 1 V configuration, the algorithm running time is around
5 (min) on a personal computer (Intel Core, 𝑖5−1035𝐺1 𝐶𝑃𝑈 , 1.00 GHz).

On the other hand, the current Granjera 𝑃𝑉 power plant has the
following values: 717 mounting systems of the 1 V × 56 configuration,
54 mounting systems of the 1 V × 28 configuration, and 𝐴𝑇𝑃𝑉 =
92, 694.7 (m2). Therefore, using the 1 V configuration, the proposed
algorithm increases the 𝐴𝑇𝑃𝑉 by 40, 055.81 (m2). Furthermore, if the 2 V
configuration is used, the proposed algorithm increases the 𝐴𝑇𝑃𝑉 by
92,944 (m2). That is, an increase of 43.21% and 100.27%, respectively.
From this point of view, the 2 V configuration is the most suitable for
the Granjera 𝑃𝑉 power plant.

Comparing the current 1 V configuration of Granjera 𝑃𝑉 power
plant and the 1 V configuration obtained by the algorithm, it can be
seen that the proposed algorithm packs a greater number of 1 V × 56
and also a greater number of 1 V × 28 configurations, as it manages
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Fig. 13. Rows arrangement for the optimum distribution of 𝑃𝑉 modules for 2 V
configuration.

to take better advantage of the irregular contour of the land. As a final
result, it obtains a larger photovoltaic surface.

5.5. Effective annual energy incident on 𝑃𝑉 modules

Once 𝐴𝑇𝑃𝑉 is determined and using Eq. (31) the effective annual
energy incident on 𝑃𝑉 modules can be determined. Another parameter
needed to determine the energy is the ground reflectance 𝜌𝑔 . A value of
0.2 is commonly adopted if no information is available about ground
surface [59].

Finally, the total energy 𝐸𝑇𝑃𝑉 (𝑛) for each day of the year, 𝑛, can be
calculated by multiplying the adjusted irradiance, H𝑡(𝑛) and the total
area 𝐴𝑇𝑃𝑉 obtained from the packing algorithm. The results obtained
with the 1 V and 2 V configuration are shown in Fig. 14. It can
be observed that the maximum energy for 1 V configuration, with a
value of 1187.53 (MWh) is obtained for day 𝑛 = 200 (and not for
𝑛 = 172). This is also true for the 2 V configuration, with a value
of 1588.54 (MWh). The reader may also be surprised by the lack of
symmetry in Fig. 14. This is because, as mentioned above, the adjusted
horizontal irradiances (I𝑏ℎ, I𝑑ℎ) have been calculated using a method
that incorporates the meteorological conditions of each location [45],
and not the classical theoretical models.

The proposed algorithm determines that the total annual energy
incident on the 𝑃𝑉 modules is 260.46 (GWh) for 1 V configuration, and
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Table 3
Results of Granjera 𝑃𝑉 power plant.

Configuration

Actual (1 V) Proposed (1 V) Proposed (2 V)

Input algorithm

Area of P (m2) 354,414 354,414 354,414
Minimum distance 4.00 4.00 4.00
between rows of trackers (𝑑min) (m)
Longitudinal installation distance (𝑒𝑙) (m) 0.30 0.30 0.30
Limited range of motion (𝛽max) (o) ±60 ±60 ±60
Minimum distance on the ground (𝑒𝑠) (m) 0.40 0.40 0.40
Orientation North–South axis North–South axis North–South axis
PV module model LR4-72HPH-430M LR4-72HPH-430M LR4-72HPH-430M
Mounting system configuration 1 V 1 V 2 V
Number of PV modules/mounting system 56 or 28 56 or 28 112 or 56

Output algorithm

Number of total PV modules 41,664 59,668 83,440
Number of larger size configuration (x56) 717 1006 703
Number of smaller size configuration (x28) 54 119 84
Pitch (𝑒𝑡) (m) 6 5.05 7.19
Annual solar irradiation (GWh) 181.88 260.46 347.73
Fig. 14. The total energy E𝑇𝑃𝑉 (𝑛).

347.73 (GWh) for 2 V configuration. In contrast, with the current dis-
tribution of the 𝑃𝑉 modules in Granjera 𝑃𝑉 power plant, an energy of
181.88 (GWh) is obtained. Therefore, the proposed algorithm increases
the energy by 43.21% to 91.18%, respectively. From this point of view,
the 2 V configuration is the most suitable for the Granjera 𝑃𝑉 power
plant.

Based on the proposed methodology, Table 3 summarises the results
for the Granjera 𝑃𝑉 power plant.

In relation to the results obtained, the following conclusions are
suggested:

(i) A 2 V configuration produces the most annual energy. Although
this configuration has the greatest 𝑊 , and therefore a higher pitch
to avoid shading between 𝑃𝑉 modules, the 2 V configuration
has twice as many 𝑃𝑉 modules as the 1 V configuration, so the
equivalent pitch is lower. Therefore, using the 2 V configuration
results in the highest amount of 𝑃𝑉 modules for the same surface
area.

(ii) The current 1 V configuration provides the worst result. The pro-
posed algorithm packs a greater number of 1 V × 56, and makes
better use of the irregular contour of the land, also increasing the
number of 1 V × 28 configurations. As a final result, it obtains a
larger photovoltaic surface.
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Table 4
Total cost.

Element Configuration

Actual (1 V) Proposed (1 V) Proposed (2 V)

N𝑃𝑉 41,664 59,668 83,440
C𝑃𝑉 (e) [60] 199.90 199.90 199.90
N𝑀𝑆 (×56) 717 1006 703
N𝑀𝑆 (×28) 54 119 84
C𝑀𝑆 (e) (×56) 4765.94 4765.94 5881.81
C𝑀𝑆 (e) (×28) 2727.45 2727.45 3382.52
N𝐸𝑀 (×56) 717 1006 703
N𝐸𝑀 (×28) 54 119 84
C𝐸𝑀 (e) (×56) [60] 398 398 420
C𝐸𝑀 (e) (×28) [60] 398 398 420
N𝐶𝑆 (×56) 717 1006 703
N𝐶𝑆 (×28) 54 119 84
C𝐶𝑆 (e) (×56) [60] 177.61 177.61 177.61
C𝐶𝑆 (e) (×28) [60] 177.61 177.61 177.61
Total cost (e) 12,336,892.22 17,694,299.63 21,569,019.35

(iii) Comparing the actual incident energy on the 𝑃𝑉 modules in the
Granjera 𝑃𝑉 power plant with the results of the proposed algo-
rithm, the energy increases by 43.21% for the 1 V configuration
and by 91.18% for the 2 V configuration.

5.6. Assessment of the economic viability

Table 4 shows the costs of the parameters that have been considered
as variables making up the total cost for each of the configurations
that have been studied. These parameters are: (i) Output parameters of
the proposed algorithm: 𝑁𝑃𝑉 , 𝑁𝑀𝑆 , 𝑁𝐸𝑀 , and 𝑁𝐶𝑆 ; (ii) Parameters
provided by manufacturers: 𝐶𝑃𝑉 , 𝐶𝐸𝑀 , and 𝐶𝐶𝑆 ; and (iii) Output
parameters of the structural analysis: 𝐶𝑀𝑆 . The structural analysis of
the mounting system is detailed in Annex A. All costs of the mounting
system, 𝐶𝑀𝑆 , are detailed in Annex D. All the cost are referred to date
05/10/2022.

In relation to the results obtained, the following conclusions are
suggested:

(i) The proposed 2 V configuration has the highest initial investment
cost compared to the current 1 V configuration. Specifically,
71.17% for the 2 V × 56 configuration, and 165.21% for the 2
V × 28 configuration.

(ii) The two 𝑃𝑉 plant scenarios obtained using the proposed algo-
rithm have the highest initial investment cost, as they use a larger
number of mounting systems and 𝑃𝑉 modules.



Renewable Energy 211 (2023) 626–646A. Barbón et al.

c

v
1
t

u
r
t
d
w
p
h

(iii) The proposed 2 V configuration has an initial investment cost
74.83% higher than the current 1 V configuration, but has an
annual energy increase of 91.18%.

(iv) The proposed 1 V configuration has an initial investment cost
43.42% higher than the current 1 V configuration, but has an
annual energy increase of 43.21%.

(v) The proposed 2 V configuration has a 17.75% higher initial
investment cost compared to the proposed 1 V configuration, and
also has an annual energy increase of 25.09%.

(vi) The current 1 V configuration and the proposed 1 V configuration
have similar 𝐿𝐶𝑂𝐸 values.

(vii) The 𝐿𝐶𝑂𝐸 of the 𝑃𝑉 plant have been compared, taking as
baseline the 2 V configuration, by computing the ratio between
the 𝐿𝐶𝑂𝐸 of the 1 V and the 2 V configurations and this one (see
Eq. (36)). This comparison shows that the value of 𝜂𝐿𝐶𝑂𝐸 is 1.09.
Therefore the 𝑃𝑉 plant wiht 1 V configuration is the worst one
in relation to the 𝐿𝐶𝑂𝐸 value.

6. Conclusions

This study presents a methodology for estimating the optimal dis-
tribution of horizontal single-axis solar trackers in photovoltaic plants.
Specifically, the methodology starts with the design of the inter-row
spacing to avoid shading between modules, and the determination of
the operating periods for each time of the day. Next, a packing algo-
rithm is used to determine the optimal number of solar trackers that
maximises the amount of energy absorbed by the photovoltaic mod-
ules. The packing algorithm is implemented in 𝑀𝑎𝑡ℎ𝑒𝑚𝑎𝑡𝑖𝑐𝑎™ software.
The packing algorithm used Geo-spatial data from satellite images to
determine the 𝑈𝑇𝑀 coordinates of the available land area for the
installation of the photovoltaic modules. For this purpose, the 𝑄𝐺𝐼𝑆
software, an open-source geographic information system software, has
been used. The irregular land shape increases the difficulty of solving
the problem. Finally, the effective annual energy incident on photo-
voltaic modules is determined. The study incorporates the two most
commonly used mounting systems in photovoltaic plants with single-
axis solar trackers, 1 V configuration and 2 V configuration. Although
any other configuration is supported by the packing algorithm. The
assessment of the economic viability is formulated using the levelized
cost of the produced electrical energy (𝐿𝐶𝑂𝐸). The unit cost of the
mounting systems has been determined. For this purpose, codes and
standards have been used for the structural analysis of these mounting
systems. In the structural analysis, the weight of the structure, the
weight of the photovoltaic modules, snow loads, wind loads and their
combinations have been calculated. For this purpose, the AutoDesk
Robot Structural Analysis software has been used. According to this
study, the main advantages of the proposed methodology are as follows:

(i) This methodology searches maximum energy generation for a
given area of available land.

(ii) The design of the row spacing always avoids shading between the
photovoltaic modules, contributing to the increase of generated
energy, and reducing the appearance of hot spots.

(iii) A comprehensive study of the operating periods has been carried
out, classifying them broadly into backtracking mode, limited
range of motion and normal tracking mode. The factors on which
they depend have been identified (site latitude, mounting sys-
tem configuration, minimum distance between photovoltaic mod-
ules, photovoltaic module dimensions) and the equations defining
them developed. This study makes it possible to determine the
start of each operating period for each day of the year.

(iv) This methodology uses packing algorithms to determine the op-
timal distribution of solar trackers. This increases the potential
energy of the available land, while reducing the computational
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time in the design of photovoltaic plants. s
(v) The methodology answers three key questions in photovoltaic
plant design: how many photovoltaic modules can be installed?,
what is the optimal mounting system configuration?, what is the
optimal mounting system layout?.

(vi) The proposed methodology can be extended to any photovoltaic
plant.

In this work, from a qualitative point of view, several conclusions
an be drawn:

(i) The configuration of the mounting system used has a strong influ-
ence on the amount of solar energy captured in the photovoltaic
plant, the land area required for its installation, and its economic
viability.

(ii) The parameters of the mounting system, such as length and width,
and the distance for maintenance have a great influence on the
total area of the photovoltaic field.

(iii) The larger the width of the mounting system, the larger the total
area of the photovoltaic field.

(iv) The cost of the mounting system is strongly influenced by the type
of configuration. The larger its width, the higher the cost of the
mounting system, because the size of the profiles of the purlins
and pillars increases due to the wind loads.

The proposed methodology has been applied in Granjera photo-
oltaic power plant, located in Zaragoza, Spain (with latitude 41◦

3′48′′N, longitude 1◦21′00′′W and altitude 884 (m)). From a quanti-
ative point of view, the conclusions obtained can be summarised:

(i) In terms of land required for a given power output of the photo-
voltaic plant, the 2 V configuration uses less land than the 1 V
configuration. In particular, for the same area of land available
in the Granjera photovoltaic power plant, the surface area of the
photovoltaic field using the 2 V configuration is 39.84% larger
than if the 1 V configuration is used.

(ii) The photovoltaic plant with 2 V configuration is the best option
proposed by the packing algorithm in relation to the total energy
captured by the photovoltaic plant. This fact can be extended
to other photovoltaic plants. Although 2 V configuration has
the greatest 𝑊 , and therefore a higher pitch to avoid shading
between photovoltaic modules, the 2 V configuration has twice
as many photovoltaic modules as the 1 V configuration, so the
equivalent pitch is lower.

(iii) The proposed 2 V configuration increases the amount of energy
captured by up to 91.18%in relation to the current of Granjera
photovoltaic power plant.

(iv) The proposed 1 V configuration increases the amount of energy
captured by up to 43.21in relation to the current of Granjera
photovoltaic power plant.

(v) The proposed 2 V configuration has an initial investment cost
74.83% higher than the current of Granjera photovoltaic power
plant.

(vi) The proposed 1 V configuration has an initial investment cost
43.42% higher than the current of Granjera photovoltaic power
plant.

(vii) The 𝐿𝐶𝑂𝐸 of the proposed 2 V configuration is better than that
of the current 1 V configuration. 𝐿𝐶𝑂𝐸 efficiency is 1.09.

Designers of photovoltaic plants with single-axis solar tracking can
se this tool to reduce calculation time and optimise results. This
esearch group plans to apply this methodology in different parts of
he world to analyse the influence of the latitude of the location on the
esign of this type of photovoltaic plant. Another line of future work
ould be the application of the proposed methodology in photovoltaic
lants designed with bifacial modules. Future work also can analyse
ow some of the design parameters of the PV plant affect the annual

olar irradiation received by the PV field. In this sense, firstly the
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Table 5
Values of the different loads acting on the mounting system.

Load Standard Configuration

1 V×56 1 V×28 2 V×56 2 V×28

Structural weight (kN/m2) Weight AutoDesk Robot Structural Analysis
Weight of the 𝑃𝑉 module (𝑞𝑃𝑉 ) (kN/m2) Weight 0.125 0.125 0.125 0.125
Snow load (kN/m2) Snow (a) 1.26 1.26 1.26 1.26
Basic velocity pressure (𝑞𝑏) (kN/m2) Wind (b) 0.45 0.45 0.45 0.45
Exposure factor (𝐶𝑒) Wind (c) 1.93 1.93 2.21 2.21
Pressure coefficient (𝐶𝑝_𝑝𝑢𝑠ℎ𝑖𝑛𝑔) Wind (d) 1.2 1.2 1.2 1.2
Pressure coefficient (𝐶𝑝_𝑠𝑢𝑐𝑡𝑖𝑜𝑛) Wind (d) −1.8 −1.8 −1.8 −1.8
Probability factor (𝐶𝑝𝑟𝑜𝑏) Wind (e) 1 1 1 1
Pushing wind action (q𝑒_𝑝𝑢𝑠ℎ𝑖𝑛𝑔) (kN/m2) Wind (e) 1.04 1.04 1.20 1.20
Wind suction (q𝑒_𝑠𝑢𝑐𝑡𝑖𝑜𝑛) (kN/m2) Wind (e) 1.56 1.56 1.81 1.81

(a)Annex E of the code CTE DB-SE-AE [61].
(b)Table D.1 CTE DB SE-AE [61].
(c)Table D.2 CTE DB SE-AE [61].
(d)UNE-EN 1991-1-7: 2018 [62].
(e)CTE DB-SE-AE code [61].
Table 6
Material and geometrical properties of profiles used in 1 V × 56 configuration.

Element Designation Length (mm) Thickness (mm) Material Unit Total cost (e)

Central pillar IPE 140 1190 – S 280GD Z275 1 33.67
Pillar C170 × 40 × 3 1190 3 S 280GD Z275 6 342.72
Shaft 140 × 4 8500 4 S 280GD Z275 2 1017.79
Shaft 140 × 4 5000 4 S 280GD Z275 1 299.25
Shaft 140 × 3 8500 3 S 280GD Z275 4 1588.82
Purlin 60 × 40 × 27 × 1.6 1.6 S 280GD Z275 58 537.31
Fig. 15. Simulation obtained with the AutoDesk Robot Structural Analysis software.
influence of the maximum operating angle of the trackers, 𝛽max, would
be analysed. And secondly, the influence of the slope of the terrain
could be studied.
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Annex A. Structural analysis of the mounting system

As indicated in the standards, in the calculation of the 1 V × 56,
1 V × 28, 2 V × 56, and 2 V × 28 configurations, the loads produced
by the weight of the structure itself and of the photovoltaic modules,
the environmental loads (wind and snow), and their combinations have
been analysed. The model LR4-72HPH-430M manufactured by Longi
Solar, with a weight of 24 (𝐾𝑔) and dimensions of 2015 × 1052 × 35
(mm) has been chosen for this study.

The values of the different loads acting on the mounting system are
shown in Table 5. For their calculation, the procedures indicated in the
standards have been used.

In this work, the structures of the different configurations have been
calculated using AutoDesk Robot Structural Analysis [63] software.
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Table 7
Material and geometrical properties of profiles used in 1 V × 28 configuration.

Element Designation Length (mm) Thickness (mm) Material Unit Total cost (e)

Central pillar IPE 140 1190 – S 280GD Z275 1 33.67
Pillar C170 × 40 × 3 1190 3 S 280GD Z275 4 228.48
Shaft 140 × 4 5000 4 S 280GD Z275 1 299.25
Shaft 140 × 3 8500 3 S 280GD Z275 2.7 1072.45
Purlin 60 × 40 × 27 × 1.6 1200 1.6 S 280GD Z275 30 277.92
Table 8
Material and geometrical properties of profiles used in 2 V × 56 configuration.

Element Designation Length (mm) Thickness (mm) Material Unit Total cost (e)

Central pillar IPE 140 1900 – S 280GD Z275 1 91.63
Pillar C250 × 50 × 3 1900 3 S 280GD Z275 4 741.61
Shaft 140 × 4 29000 4 S 280GD Z275 1 3358.20
Purlin 60 × 40×27 × 2 3200 2 S 280GD Z275 30 808.32
Table 9
Material and geometrical properties of profiles used in 2 V × 28 configuration.

Element Designation Length (mm) Thickness (mm) Material Unit) Total cost (e)

Central pillar IPE 140 1900 – S 280GD Z275 1 91.63
Pillar C250 × 50 × 3 1900 3 S 280GD Z275 2 370.80
Shaft 140 × 4 29000 4 S 280GD Z275 1 1737
Purlin 60 × 40×27 × 2 3200 2 S 280GD Z275 16 431.10
Table 10
Costs of the control system and motor.

Element Units for Units for Cost/un Units for Units for Cost/un
1 V × 56 1 V × 28 1 V (e/un) 2 V × 56 2 V × 28 2 V (e/un)

Slewdrive (motor) 1 1 398 1 1 420
TCU (Tracker Control Unit) 1 1 99.05 1 1 99.05
RCU (Remote Sensor Unit) 1 unit per 200 trackers 372.33 1 unit per 200 trackers 372.33
NCU (Network Control Unit) 1 unit per 200 trackers 1776.7 1 unit per 200 trackers 1776.7
Industrial PC 1 unit per 200 trackers 1055.09 1 unit per 200 trackers 1055.09
RCU (Remote Sensor Unit) 1 unit per 200 trackers 1332 1 unit per 200 trackers 1332
Router 1 unit per 200 trackers 313.80 1 unit per 200 trackers 313.80
Scanner + GPS 1 unit per 200 trackers 929.35 1 unit per 200 trackers 929.35
Weather Station 1 unit per 200 trackers 9934.5 1 unit per 200 trackers 9934.5
Table 11
Costs of the other elements.

Element Standard Material Surface Units Units Cost 1 V Units Units Cost 2 V
treatam. 1 V × 56 1 V × 28 (e/un) 2 V × 56 2 V × 28 (e/un)

Joint shafts – – HD G 6 4 6.10 4 2 9.40
Pillar bearing – – HD G 6 4 13.90 4 2 19.90
Motor supp, – – HD G 1 1 25.45 1 1 55.10
Antenna supp, – – HD G 1 1 0.79 1 1 0.79
TCU supp, – – HD G 2 2 4.82 2 2 4.82
NCU supp, – – HD G 2 2 34.01 2 2 34.01
NCU supp, – – HD G 2 2 81.63 2 2 81.63
RCU supp, – – HD G 1 1 197.58 1 1 197.58
RSU supp, – – HD G 1 1 36.37 1 1 36.37
Damper – – – 4 2 32 2 2 32
End clamp DIN 933 Aluminium 8 8 0.79 16 16 0.79
Clamp DIN 933 Aluminium 108 56 1.15 104 56 1.15
Screw M16 × 40 DIN 6921 8.8 Class 8.8 HD G 72 32 0.14 52 27 0.14
Nut M16 DIN 6923 8 Class 8.8 HD G 72 32 0.02 52 27 0.02
Screw M16 × 60 DIN 6921 8.8 Class 8.8 HD G 4 4 0.15 4 4 0.15
Nut M16 DIN 6923 8 Class 8.8 HD G 4 4 0.02 4 4 0.02
Screw M10 × 55 DIN 6921 8.8 4 7 Class 8.8 HD G 24 24 0.04 16 16 0.04
Nut M10 DIN 6923 8 4 8 Class 8.8 HD G 24 24 0.01 16 16 0.01
Screw M12 × 30 DIN 6921 8.8 4 9 Class 8.8 HD G 24 24 0.08 16 16 0.08
Nut M12 DIN 6923 8 Class 8.8 HD G 24 24 0.04 16 16 0.04
Screw M16 × 30 DIN 6921 8.8 Class 8.8 HD G 116 60 0.15 60 32 0.15
Square U Bolt SBS-04 1 7 Class 8.8 HD G 58 30 0.53 30 16 0.53
Nut M16 DIN 6923 8 Class 8.8 Stainless 116 60 0.02 60 32 0.02

Abbreviations: TCU, Tracker Control Unit; NCU, Network Control Unit; RCU, Remote Control Unit; RSU, Remote Sensor Unit; HD G, Hot-Dip
Galvanising.
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This programme is commonly used in structural design as it has several
functions designed to simulate the behaviour of the structure under
different types of loads. Fig. 15 shows one of the simulations carried
out in this study using AutoDesk Robot Structural Analysis software.

Annex B. Material, geometrical properties, dimensions, and cost
of the profiles used

Tables 6–9 show the material and geometric properties, dimensions,
and cost of the profiles used in the fabrication of the mounting systems.
These results have been obtained using AutoDesk Robot Structural
Analysis software. The surface treatment of the profiles used is Hot-Dip
Galvanising. These costs are referred to the date 05/10/2022.

Annex C. Control system and motor

Table 10 show the control system and motors used. These costs are
referred to the date 05/10/2022.

Annex D. Auxiliary components of the mounting system

In addition to the profiles, it is also necessary to determine the
auxiliary components of the mounting system such as screws, washers,
nuts, clamps and end clamps. These costs are listed in Table 11. These
cost are referred to date 05/10/2022.
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