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ARTICLE INFO ABSTRACT

Keywords: A methodology for estimating the optimal distribution of photovoltaic modules with a fixed tilt angle in ground-
Ground-mounted photovoltaic power plant mounted photovoltaic power plants has been described. It uses Geographic Information System, available in
Packing algorithm

the public domain, to estimate Universal Transverse Mercator coordinates of the area which has been selected
for the installation of the photovoltaic plant. An open-source geographic information system software, QGI.S,
has been used. The estimation of the solar irradiance takes into account the variations in the local cloud
cover distribution. The optimization process is considered to maximize the amount of energy absorbed by the
photovoltaic plant using a packing algorithm (in Mathematica™ software). This packing algorithm calculates the
shading between photovoltaic modules. This methodology can be applied to any photovoltaic plant. Different
rack configurations and tilt angles are incorporated in the study to account for the characteristics of the
irregular shape of the land. The most used rack configurations in photovoltaic plants are the 2V x 12
configuration (2 vertically modules in each row and 12 modules per row) and the 3V x 8 configuration
(3 vertically consecutive modules in each row and 8 modules per row). Codes and standards have been used
for the structural analysis of these rack configurations. For this purpose, the wind loads, the snow loads, the
weight of the structure, the weight of the photovoltaic modules, and combinations thereof have been calculated.
This analysis has been performed with AutoDesk Robot Structural Analysis software for the different rack
configurations. A detailed cost analysis of the most used rack configurations in photovoltaic plants has been
presented. The levelized cost of the produced electricity efficiency is calculated for each rack configuration.
The methodology has been applied in Sigena I photovoltaic plant located in Northeast of Spain. The current
rack configuration used in this photovoltaic plant is the 21V x 12 configuration with a tilt angle of 30 (°).
The configurations 3V x 8 configuration with a tilt angle of 14 (°) and 2V X 12 configuration with a tilt
angle of 22 (°) are the best options proposed by the optimization algorithm. The results show that the 3V x 8
configuration with a tilt angle of 14 (°) increases the amount of energy captured by up to 32.45% in relation
to the current configuration of Sigena I photovoltaic plant with a levelized cost of the produced electricity
efficiency of 1.10. In the other hand, the 3V x 8 configuration increases the amount of energy captured by
up to 19.52% in relation to the 2V x 12 configuration with a tilt angle of 22 (°) with a levelized cost of the
produced electricity efficiency of 1.05. The 3V x 8 configuration is the one which has the lowest cost for the
same number of photovoltaic modules. The 2V x 12 configuration with a tilt angle of 30 (°) increases the
cost by up to 32.48% in relation to a 3V x 8 configuration with a tilt angle of 14 (°).

Rack configuration
Structural analysis
Cost analysis

1. Introduction continuously increased during the last decade [3]. Photovoltaic (PV)
systems and concentrated solar power are two solar energy applications

The goals of the Paris Agreement [1] have shown the way to reduce to produce electricity on a large-scale.
the environmental impact caused by the use of fossil fuels and to
replace them by renewable energy resources. Concerned by these agree-
ments, many countries have set ambitious plans to introduce renewable
energy resources [2]. Particularly, the use of the solar energy has

The photovoltaic technology is an evolved technology of renewable
energy which is rapidly spreading due to a different factors such as:
(i) Its continuous decrease in the costs of the system components. The
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Nomenclature

Apy Photovoltaic module area (m?)

Apyess Effective PV modules area(m?)

Appy Total photovoltaic modules area (m?)

B Length of the shadow (m)

C. Costs of the cable (€)

C, Exposure factor

(of Initial investment cost (€)

Cino Unit cost of the inverter (€/unit)

Cp Cost of the land area (€)

Cy Costs of the monitoring system (€)

Cus Unit cost of the mounting structure
(€/unit)

Com Cost of operation and maintenance (€)

C, Pressure coefficient

Cpy Costs of the protection devices (€)

Cprop Probability factor

Cpy Unit cost of a PV module (€/unit)

Cr Costs of the transformer (€)

d Annual degradation rate

EG Energy gain (%)

E, Annual energy (MWh)

E; Total electrical energy output at the ith
year (kWh)

Epy Total energy on the photovoltaic modules
(MWh)

e Longitudinal distance (m)

e Longitudinal maintenance distance (m)

ef’ Longitudinal standard distance (m)

e Transversal installation distance (m)

H, Adjusted total irradiation on a tilted surface
(Wh/m?)

k Parameter that depend on the terrain

I Lifetime of the project (years)

Ty Adjusted beam irradiance on a horizontal
surface (W/m?)

Iyn Adjusted diffuse irradiance on a horizontal
surface (W/m?)

I, Adjusted total irradiance on a horizontal
surface (W/m?)

L Length of the rack configuration (m)

L, Parameter that depend on the terrain

Lpy Length of the photovoltaic modules (m)

LCOE efficiency Ratio between the LCOEs rack configura-
tions

N Total number of inverters

Nuys Total number of mounting structures

Npy Number of photovoltaic modules

n Ordinal of the day (day)

np Maximum number of photovoltaic modules

npss Number of photovoltaic modules unaf-
fected by shadows

P Available land area (m?)

weighted average of the levelized cost of energy (LCOE) in 2018
was 0.085 (USD/kWh), and it is forecasted to be between 0.02 and
0.08 (USD/kWh) by 2030 and between 0.014 and 0.05 (USD/kWh) by
2050 [4]; (i) Its versatility and modularity. There is a large quantity

qp Basic velocity pressure (kN/m?)

q. Static pressure (kN/m?)

apy Load due to the weight of the PV modules
(kN/m?)

r Discount rate for ith year

S Projection the L on the horizontal plane (m)

S; Availability of solar resource at the ith year
(kwh)

S Snow load (kg)

T Solar time (h)

Tg Sunrise solar time (h)

Ty Sunset solar time (h)

T,,T, Operating hours of the PV system (h)

vp Basic wind velocity (m/s)

w Width of the rack configuration (m)

W,py Weight of the PV module (kg)

W, Weight of the structure (kg)

w, Wind load (kg)

Wpy Width of the photovoltaic modules (m)

z Height on the ground (m)

ag Height angle of the Sun (°)

B Tilt angle of photovoltaic module (°)

' Tilt angle of photovoltaic module for the
maximization of the total energy(°)

y Azimuth angle of photovoltaic module (°)

vs Azimuth of the Sun (°)

8 Solar declination (°)

n Performance factor

0; Incidence angle (°)

0, Longitudinal incidence angle (°)

0 Longitudinal incidence angle that mini-
mizes shadowing effects (°)

0, Zenith angle of the Sun (°)
Latitude angle (°)

) Air density (Kg/m?)

Pg Ground reflectance (dimensionless)

w Hour angle (°)

of commercial PV modules with different sizes and different power
capacities which allow a photovoltaic installation to be adapted to
any particular area; (iii) Its minimum maintenance cost. Despite the
lack of standardization [5] for this value, the National Renewable
Energy Laboratory recommends assuming an annual cost of 0.5% of
the total initial cost for the large systems, and 1% for the small ones.
Moreover, Mortensen [6] suggests that operation and maintenance
costs of photovoltaics with tracking systems are double those of fixed-
tilt ones; (iv) Its institutional economic support. The European Union
(EU) countries provide incentives for newly created capacity of re-
newable energies [2]. This technology has also disadvantages: (i) It
does not provide a continuous supply of energy, as it depends on solar
irradiance; (ii) It needs an energy storage system to supply energy
during the night; (iii) It is necessary to schedule the cleaning of the
PV modules to maintain an optimum performance and avoid damage
to modules.

Solar PV plants whose capacities range from 1 (MW) to 100 (MW)
[7] are considered to be large-scale PV plants and they require a
surface that exceeds 1 (km?) [8]. A large-scale PV plant comprises:
PV modules, mounting system, inverters, transformation centre, cables,
electrical protection systems, measurement equipments and system
monitoring. The PV modules produce electricity in direct current from
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solar irradiance and the inverters convert this current into alternating
current which can be injected into the electricity grid. The optimization
of the design of large-scale PV plants is essential to reduce their high
cost. Due to the high number of components required in the installation
of PV plants, the optimization may have different approaches. Zidane
et al. [9] have compared the technology of crystalline silicon to that
of thin-film cadmium telluride to determine the suitable PV module
for the large-scale PV plants. The optimization process is considered
to minimize the LCOE. Bakhshi-Jafarabadi et al. [10] have proposed
a new formulation to convert the problem of the PV plants design to
a binary linear programming to optimize its economic design. Simola
et al. [11] have studied the profitability of a PV plant in the conditions
of southern Finland, with the simulation of a grocery store, a dairy
farm and a domestic house with space heating by electric current. Senol
et al. [12] have proposed a methodology to optimize the design of a
large-scale PV plant and a guide for investors and technical staff to
the design of such a system, with emphasis on self-consumption policy.
Sulaiman et al. [13] have proposed an intelligent sizing technique to
design grid-connected PV systems considering different types of PV
modules and inverters. Fernandez-Infantes et al. [14] have presented a
specific computer application for the optimizing the parameters of grid-
connected PV plant (inverter size, losses due to electric conductors,
etc.). However, these works have neglected the optimization of the
distribution of PV modules.

The racking systems for PV modules used in large-scale PV plants
can be classified into two types: racking systems with a fixed tilt angle
and racking systems with a variable tilt angle. The first type, ground-
mounted photovoltaic, has a fixed tilt angle for a fixed period of time.
The second type uses a solar tracker system that follows Sun direction
so that the maximum power is obtained. The solar tracking can be
implemented with two axes of rotation (dual-axis trackers) or with a
single axis of rotation (single-axis trackers). The single-axis trackers can
have different orientations: horizontal North-South, horizontal East—
West and parallel to the Earth’s axis. In practice, the most used ones are
aligned with the North-South direction. The dual-axis trackers increase
the production compared to a ground-mounted photovoltaic (a gain
from 12 up to 28% [15]), and they also increase the production com-
pared to a single-axis tracker (a gain from 3 up to 16% [15]), depending
on the location of the PV plant. Although the racking systems with
a variable tilt angle produce a greatest total energy, it is needed to
take into account other factors such as the initial investment cost, the
costs of operation and maintenance, the topography, the available land
area, the soil conditions, the wind loads, etc. A dual-axis tracker usually
represents a 40-50% increase in the average installation costs over a
system of the same size with fixed tilt angle and a 20—-25% over a system
of similar size with a single axis tracker [16]. On the other hand, the
moving parts of the solar trackers reduce their expected lifetime and
increase the operation and maintenance costs [16]. Another important
aspect is the wind loads that affect the solar tracking systems to a
greater extent.

Another aspect to be considered is the available land area. In a
large-scale PV plant it is worth to distinguish between the total and the
direct land area [17]. All the land enclosed by the site boundary is the
total land area whereas the land area comprises the land occupied by:
PV modules, buildings (office and sanitary rooms, low voltage/ medium
voltage station, medium voltage/high voltage station, communications)
and access roads. In this work, the land occupied by the PV modules
will be analysed in more detail. The land occupied by the PV modules
is the area of the PV generator, therefore it can be associated with
the generated PV energy. Therefore, an analysis of this parameter is
necessary during the design phase of a PV plant. However, there are
few available studies in the literature about the area occupied by PV
modules in PV plants. Researchers have focused their attention on the
statistical study of the direct land area. Ong et al. [18] have presented
an analysis of the land use associated with PV plants in the United
States. This report shows the land use for various rack configurations.

Applied Energy 314 (2022) 118881

Table 1
Advantages and disadvantages of mounting systems.

Parameter Dual-axis Single-axis Ground-mounted
tracker tracker photovoltaic
Energy production Advantage Advantage Disadvantage

Initial investment cost Disadvantage Disadvantage Advantage
Operation and maintenance cost Disadvantage Disadvantage Advantage
Available land area Advantage Advantage Disadvantage
Disadvantage Disadvantage Advantage
Disadvantage Disadvantage Advantage

Soil conditions
Wind loads

For example, for racking systems with a fixed tilt angle the direct land
area is 2.22 to 2.34 (ha/MWac) and for racking systems with a single-
axis tracker aligned with the North-South axis the direct land area
is 2.54 to 3.64 (ha/MWac). Fthenakis et al. [17] have also presented
a study about the land use associated with PV plants. In this study,
the direct land area necessary for racking systems with a fixed tilt
angle and for single-axis tracker aligned with the North-South axis
is 2.20 (ha/MWac) and 2.50 (ha/MWac) respectively. On the other
hand, Denholm and Margolis [8] have got lower values for both racking
systems: 1.50 (ha/MWac) for systems with a fixed tilt angle and 2.10
(ha/MWac) for systems with a single-axis tracker aligned with the
North-South axis.

Table 1 shows a summary of the advantages and disadvantages of
each mounting system.

In order to estimate the area occupied by PV modules, some authors
work with terms such as the packing factor [18,19], the ground cover
ratio [19,20], the spacing factor [21] and the occupation factor [19,22].
The first two terms refer to the ratio between the area actually occupied
by the PV modules and the total area necessary for installation of the
PV modules. The other two terms refer to the inverse instead.

The selection of the most suitable locations for photovoltaic (PV)
plants is a prior aim for the sector companies. Geographic information
system (GI.S) is a framework used for analysing the possibility of
PV plants installation [23]. With GI.S tools the potential of solar
power and the suitable locations for PV plants can be estimated.
This computer system has geographic constraints such as (e.g. latitude,
slope). For instance, Lindberg et al. [24] have presented a methodology
for a utility-scale solar guide by studying the hosting capacity in the
local grid and identifying the appropriate land for PV parks. Zhang
et al. [25] have evaluated the solar energy potential in China. For
this purpose, they have examined the spatial-temporal distribution of
solar energy resources from geographical, technological and economic
points of view. Yang et al. [23], basing on a GIS-based model, have
studied 600 land conversion factors to carefully estimate the generation
potential for large-scale PV power generation in China.

A ground-mounted photovoltaic power plant comprises a large num-
ber of components such as: photovoltaic modules, mounting systems,
inverters, power transformer. Therefore its optimization may have dif-
ferent approaches. In this paper, the mounting system with a fixed tilt
angle has been studied. Once the racking system has been fixed, for the
same available land and same type of PV module, the generated energy
depends on variables such as the tilt angle of the PV module and
the inter-row spacing, that is, the distribution of PV modules on the
available land. To solve this problem is complex because large-scale PV
plants are composed of several thousands of PV modules. The objective
of this paper is to conduct an optimization of the distribution of PV
modules in large-scale PV plants, based on the currently available
geographic data and the solar irradiation data. The main outcomes will
provide fundamental information to aid power companies in optimizing
the deployment of large-scale PV plants across the countries world-
wide. To realize this goal, this work is conducted with the following
methodology: (i) To identify the geographical location of the project;
(ii) To get the UT M (Universal Transverse Mercator) coordinates of
the available land area; (iii) To convert the UT M coordinates into the
M athematica™software; (iv) To choose the rack configuration; (v) To



A. Barbon et al.

choose the objective function; (vi) To do a shadows study; (vii) To
develop the optimization algorithm; (viii) To do a structural analysis
of the mounting system and (ix) To analyse the costs.

This work is based on two previous studies, [26,27]. The first one is
a more uncomplicated study which only takes into account rectangular
shapes. The second one takes into account terraces with more general
geometric shapes, but it imposes certain working conditions in order to
guarantee the absence of shading between the modules. It generalizes
the study from several points of view:

(i) The land can be any irregular shape given that this is the usual
form of PV plants.

(i) The size of land can be bigger than that of any building terrace.

(iii) The algorithm that is presented in this work maximizes the total

energy of the PV modules of the PV plant for each tilt angle g,

taking into account the shading between the rows of PV modules.

The specific contributions of this study can be summarized in the
following proposals:

(i) A methodology to maximize the amount of energy absorbed by
the PV plant.

(i) The algorithm which is presented in this work for each tilt angle
f, maximizes the total energy of the PV modules of the PV plant,
taking into account the shading between the rows of PV modules.

(iii) A detailed analysis of the loads (wind loads, snow loads, weight
of the structure, weight of the PV modules, and combinations
thereof) on mounting systems with a fixed tilt angle.

(iv) A detailed analysis of the costs of mounting systems with a fixed
tilt angle.

In the bullet (i), the essential part of the proposed methodology is
intended to solve the classical packing mathematical problem. Further-
more, the proposed methodology helps answer a number of practical
questions such as: how many PV modules can be installed?, which is
the tilt angle of the PV modules? and which is the right position for
the PV modules?

Another practical consideration is shown in bullet (ii), since the
algorithm allows the choice of the tilt angle of the PV modules to
obtain the number and position of the PV modules.

With regard to bullet (iii), it is important to evaluate the mounting
systems in order to ensure that the PV modules will remain attached
to their structures during windstorms and that additional loads or load
concentrations do not exceed the structural capacity of the mounting
system.

To assess the cost-effectiveness of a PV plant, it is necessary to
know the cost of the chosen mounting system. This aspect is discussed
in bullet (iv).

The optimum tilt angle for a single PV module, will never be the
tilt angle that have been selected for the whole PV plant. In fact, as
it will be demonstrated, the use of tilt angles with values close to the
value of the place latitude, puts up the cost of the mounting system and
does not increase the amount of energy absorbed by the PV plant. The
research provides important information for the design of photovoltaic
plants, from both the energy and the economic point of view.

The paper is structured as follows; In Section 2 shows the back-
ground and a model to estimate the solar irradiance. Section 3 out-
lines the methodology which is proposed. Section 4 presents the re-
sults obtained from the case that has been studied. Finally, Section 5
summarizes the main contributions and the conclusions of the paper
itself.

2. Background
2.1. Suitable land for large-scale PV plants
Most solar technologies are installed in rural environments, where

the landscape has remained almost unaltered. Therefore, land occupa-
tion of these installations may transform rural environments, although
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PV plants are the solar technology that less transforms and occupies
the land [17]. The land assessment gives us the suitable areas for PV
plants. Knowledge of the dimensions, altitude, shape and slope of the
land are essential to evaluate the rack configuration for a particular PV
installation project.

The shape of the land limits the design of a PV plant. A square
shape of the land enables a good distribution of PV modules [26], but
the majority of the large-scale PV plants are to be installed in irregular
shape areas.

On the other hand, it is necessary to tackle each project in a
particular way to adapt it to the shape of the land characteristics.

The terrain slope influences the electrical output and the construc-
tion cost of large-scale PV plants [28]. Excessive hard works on the
land that produce changes in its natural landscape must be avoided,
therefore relatively flat areas are required. A common criterion for the
maximum terrain slope accepted in this type of installations has not yet
been reached. For example, Yushchenko et al. [29] have proposed the
criterion of 5.71 (°) (or 10%) of terrain slope, Alami et al. [30] have
accepted a maximum of 5% terrain slope and IRENA [31] has proposed
the criterion of 11.3 (°) (or 20%).

Another factor which influences the selection of the installation site
of a PV plant is its elevation. High altitude locations have less flora and
fauna species [32] and they receive more solar irradiance, but there
the electricity transmission network is sparse [32]. According to the
data from the literature, 1500 (m) elevation can be considered to be
the maximum one [33].

2.2. Mounting system

Mounting systems allow PV modules to be securely attached to the
ground. The installation of racking systems with a fixed tilt angle is less
difficult, cheaper and requires less maintenance. However, the racking
systems with a variable tilt angle generate more energy. Systems with
a dual-axis tracker are used to get a higher accuracy but they are more
expensive. The production definitely is not the only thing that matters
here. As the PV modules are now more affordable than ever, it would
be cheaper to install more PV modules than to include a dual-axis
tracker or a single-axis tracker.

In this paper, the mounting system used is the ground-mounted pho-
tovoltaic one with an annual fixed tilt angle. In this type of mounting
system, various rack configurations can be used: 1V X Np,, 2V X Npy,
3V X Npy, 2H X Npy, 3H X Npy, ...Where, the numbers 1, 2, 3,
...represent the number of the vertical consecutive modules in each
row of the system and the letter, V' refers to the rack configuration in
which the magnitude Lp) is the reference for the tilt angle, the letter
H stands the configuration in which Wp, is used as such reference,
(Wpy, is the module width, Lp, is the module length and Np;, is the
number of PV modules per row).

The structural system is composed of columns (1), beams (2),
purlins (3) and braces (4). The column is the seat for the beam. The
beam and the purlin are pinned joint. A beam can be connected to one
column or two columns. Fig. 1 shows the parts of the most commonly
used rack configurations, 2V and 3V configurations.

The mounting systems can be classified according to the number
of mounting columns. Two types of mounting systems are commonly
used [34]: one-column mounted systems and two-column mounted
systems. In this case, the two-column mounted system has been used
in the study.

The racking systems with a fixed tilt angle are always South-
oriented (in the Northern hemisphere) [35].
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a) 2V configuration

Fig. 1. Solar array mounting frame structural arrangement types.

2.3. Solar irradiance estimation model

The solar irradiance received on the horizontal surface makes an
impact about the decision of investors about the suitable sites for large-
scale PV plants. Obviously, the more solar irradiance is received, the
higher the electricity generation will be. In order to select the suitable
sites for large-scale PV plants, the use of a solar irradiance estimation
model is needed. In addition, the calculation of the optimum tilt
angle of PV modules also depends on the accuracy of solar irradiance
estimation.

Ground-level meteorological stations provide accurate data but the
number of these stations is small. Therefore the use of models has
become widespread although the results they give are approximate.
Many methods for estimating solar irradiance are available in the
literature. Some authors use clear-sky models [36]. The others use the
analysis of satellite images [37] or temperature based methods [38]
instead.

In order to determine the annual distribution of solar irradiance in
a specific site, in this work the method presented by [39] has been
used. This method determines the two components of the global solar
irradiance on a horizontal surface. For this purpose, it uses (i) the Hot-
tel’s model [40] for estimating the beam solar irradiance transmitted
through a clear atmosphere, (ii) the Liu and Jordan’s model [41] for
determining the diffuse solar irradiance that comes from a clear-sky,
(iii) satellite databases [42] for obtaining long-term data in a large
area and (iv) Fourier series approximation for correcting the clear-
sky models and adapting them to the variations of the local cloud
cover distribution. Therefore, with the theoretical beam (or diffuse)
solar irradiance on a horizontal surface, this method calculates the
solar irradiance adjusted to the climatological conditions of a specific
location.

This method has been validated in different places worldwide [39].
For this purpose, it has been compared with current data obtained from
ground-level stations [43]. Therefore, it can be assumed that the use of
this method makes it possible to obtain valid results for the study of PV
plants [15]. Adjusted total solar irradiance on a horizontal surface I,
(W/m?), can be decomposed into two components: the adjusted beam
solar irradiance I, and the adjusted diffuse solar irradiance I, [44]:

I, (n, Ty =1y, 0, T)+ 1, (n,T) (€))]
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The value of each component depends on the day of the year n, and
the solar time 7'(h). These adjusted irradiances will be later on used to
calculate the energy.

3. Methodology

The design of a PV plant as a whole is complicated as there
are many variables to be considered [33] such as the geographical
location, the local weather conditions, the available land area, the land
shape, the land slope, the land orientation, the availability of water
for cleaning the PV modules in order to maintain their efficiency, the
availability of a power grid and the accessibility to it, the rack con-
figuration, the commercial PV modules, the commercial inverters, etc.
Researchers have concluded that the site selected to install a PV plant
must have a good accessibility, be flat and have high levels of solar
irradiance [30]. After the analysis of the input parameters, the designer
has to select components of the installation such as the distribution of
PV modules, the number of PV modules, the type of PV modules,
the type of rack configuration, the number of rack configurations, the
number of inverters, the type of inverters, etc. Therefore, this paper has
been limited to consider those aspects related to maximize the number
of PV modules for a particular available land area. For this purpose,
the available area, the shape, the slope and the orientation of the land
will be taken into account.

The combination of GIS tools and M athematica™software is a new
approach that can be very useful to solve the complex problem of
the optimization of the distribution of PV modules in large-scale PV
plants. Under this framework, the proposed methodology will be devel-
oped. This methodology consists of the following steps: (i) Identifying
the geographical location of the project; (ii) Getting the UT M (Uni-
versal Transverse Mercator) coordinates of the available land area; (iii)
Converting the UT M coordinates into the M athematica™software; (iv)
Choosing the rack configuration; (v) Choosing the objective function;
(vi) Shadows study; (vii) Development of the optimization algorithm;
(viii) Structural analysis of the mounting system; and (ix) Cost analysis.
A flowchart outlining the proposed methodology is shown in Fig. 2.

The assumptions made in this study are the following:

(i) The goal of the study is to maximize the PV plant energy
production. For this purpose, the optimal distribution of PV modules
will be determined for each particular available land.

(ii) The geographical location is not the aim of this study.

(iii) The land has any irregular shape and it is flat. The land
selection is not the aim of this study.

(iv) Racking systems with an annual fixed tilt angle will be used in
this study.

(v) The choice of commercial PV module is limited to one type.

(vi) The choice of rack configuration is limited to these two types:
2V x 12 and 3V x8.

(vii) A transversal and a longitudinal installation distance between
PV modules of 0.025 (m), due to clamps, are considered.

(viii) A transversal installation distance (e,) is considered in order
to facilitate the passage between the mounting systems of PV modules.

(iv) A minimal longitudinal maintenance distance (e;") between the
rows of PV modules in order to allow a proper inspection, cleaning,
and maintenance is considered.

(x) The environmental impacts and socioeconomic benefits are not
the goals of this study.

(xi) The work does not give any attention to incentives and financ-
ing.
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Fig. 2. A flowchart outlining the proposed methodology.

3.1. Obtaining the UTM coordinates of the available land area

Previous studies are only based on rectangular shape lands for the
installation of large-scale PV plants [45], although the majority of
large-scale PV plants are installed in irregular shape areas. Therefore
an irregular shape land is considered in this methodology.

The surface occupied by the large-scale PV plant is calculated on
the basis of the UT M (Universal Transverse Mercator) coordinates. The
Geographic Information System (GI.5) has been used in the determi-
nation of UTM coordinates in the area selected for the installation
of the PV plant. In particular, an open-source geographic information
system software has been used, this is the QGIS. This software allows
the conversion, visualization and analysis of geospatial data. The wide
range of external plugins and their free availability are advantages that
make the use of QGI.S favoured by many researchers [46,47].

The main tasks of QGIS can be summarized as: downloading
of Landsat images, preprocessing of Landsat images and determining
UT M coordinates. The National Geographic Information Center of the
Government of Spain [48] provides database on Landsat images. This
study uses QGIS software to extract the UTM coordinates and the
slope of the land.

3.2. Passing the UTM coordinates to the Mathematica™ software

As it has been mentioned before, in order to get the dimensions of
the land area, firstly a Geographical Information System is used, in this
work this is the QGI.S™, because it is a free software with an open code.
Then, on the land area, a certain number of points that will define the
shape of this land area as a polygon p[i],i = 1,2, ...,n. are selected. In
each particular case the user will select the most adequate number of
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points to form a polygon which adapts itself with sufficient precision to
the limits of the land area. The user can also draw inside this polygon
any convenient path. Each one of these points is defined by two values:
utmEasting and utmN orthing [49]. The user also knows the UT M Zone
and the elevation of the land area.

The next step is to use the M arhematica™software. With the fol-
lowing orders the polygonal projection P is easily obtained [49]:

P = Polygon[Table[pl[i], {i, 1,n}]] (2)

Then the projection P should be inscribed in a rectangle R. For conve-
nience, the lower left point of R (O = R[[1]]) is taken as the origin O
and both R and P are moved. An easy and convenient way to do this
could be [49]:

R = BoundingRegion[{Table[p[i], {i, 1,n}]},MinRectangle”] 3)
R= TransformedRegion[ R, TranslationTransform[-O]] 4
P= TransformedRegion[ P,TranslationTransform[-O]] (5)

As a result of this, the area P has been defined.

Note: It is important to know that the use of the order Transforme-
dRegion is a previous fundamental step to be able to later on use the
order RegionMember and verify in an easy way the correct packing.

3.3. Choice of rack configuration of the mounting structure

The mounting structure allows the PV modules to be securely
attached to the ground with a fixed tilt angle. The mounting systems
can be made of aluminium alloy, galvanized steel or stainless steel.
Although, in large-scale PV plants the galvanized steel is generally
used [16].

Two rack configurations are used in practical installations: 2V x 12
and 3V x 8 [16]. These are the configurations that have been studied
in this paper. These configurations modelled by means of the AutoDesk
Robot Structural Analysis are shown in Fig. 1.

3.4. Packing algorithm: Maximization of total modules area

Many optimization alternatives can be performed in a PV plant.
In this first phase of the study, the objective function considered for
designing the PV plant is set for maximizing the total PV modules area
(Arpy). The total PV modules area (A py ) is represented in Eq. (6):

Npy
Arpy = Z Wpy - Lpy (6)
i=1
where Np, is the number of PV modules, Wpy, is the width of a PV
module (m), and Lp is the length of a PV module (m).
For this purpose, some restrictions have to be taken into account:

1. A transversal and a longitudinal installation distance between
PV modules of 0.025 (m) have been considered, due to the
clamps.

2. A transversal installation distance (e,) has been considered to get
the appropriate PV modules installation.

3. A longitudinal maintenance distance (e;") between the rows of
PV modules has also been considered in order to allow a proper

inspection, cleaning, and maintenance.

The presented packing algorithm includes the optimization of the
number of rows in the mounting systems, the row width, the row height
and the space between adjacent rows. In this paper each possible tilt
angle g of the PV module has been analysed. As regards the possible
azimuth angles of the PV module, the majority of the authors consider
y =0 (°) [35]. Furthermore, in order to assert this election, a previous
study of these authors has reached the conclusion that the influence of
the tilt angle is much bigger than that of the azimuth angle [27].

Applied Energy 314 (2022) 118881

Fig. 3 shows a row of South-orientated PV modules (y = 0°). It can
be easily deduced that for the longitudinal component it comes true:

COS @, COS Yy COS Y

tan6; = =tan@, cosy, (@]

sin a; tan o

where ag is the height angle of the Sun (rad), 6, is the zenith angle of
the Sun (rad) and y is the azimuth of the Sun (rad).

In order to minimize shading effects this study applies the Span-
ish Government Technical Report [50]. This standard states that the
distance between PV modules has to guarantee a minimum of 4 h
of sunshine around noon on the Winter solstice. Here 6, stands for
the solar longitudinal incidence angle given by (7) on December 21 at
10 : 00. From Fig. 3 it is immediately obtained that the longitudinal
spacing in order to fulfil the previous standard (e;") and to avoid the
shading between two consecutive rows of the mounting systems is:

st _ o tanf sinf

=S =L 8
é cot cot ®)

where .S = Lcosf is the projection of L on the horizontal plane. The
final value that should be imposed as the longitudinal distance (e,) is:

e, = max[e]", ef'] 9

so that it guarantees not only a distance that allows the maintenance
of the PV system but also the standard fulfilment.

The packing scheme consists of placing rows of mounting systems to
the East-West direction, South-wards orientated and with dimensions
W x L inside the available land area P.

Throughout this phase of the process, the vertical projection of
each one of the mounting systems with dimensions W x .S should be
considered. All these rectangles R;; are fixedly orientated to the Sun.
Due to the method that has been used to get the dimensions of the land
area, the North-South orientation is already given by the QG1.S, and as
a result of that the rectangle R sides have been taken as the reference
axes (x — y) the N-S direction as the positive axis y. Moreover, with no
loss of generality, the lower left corner of the rectangle R where P is
inscribed, is taken as the origin O. A base rectangle R, is defined using
the vertex A on the origin O of the rectangle R (see Fig. 4):

Ry, {A0,0), B(W,0),C(W,.S), DO, S)} (10)
It is defined:
Ax=W +e; Ady=S+e (€N)

The packing pattern adds in W-E direction and in N-S direction as many
rectangles R;; as possible:

R;; + {A(G = DAx, (i = DAy), 12)
B((j — DAx + W, (i — 1)4y),
C((j — DAx + W, (i — DAy + S),
D((j — DAx, (i — DAy + )}

With this purpose, the order RegionMember [49] has been used and a
check on how many mounting systems can be packed in P has been
made.

Eventually, the restriction on the fact that the vertex A of the basis
rectangle R;; is O has been eliminated. To get this, the algorithm
chooses different points for the vertex A of R;, inside the area Ax x Ay
highlighted in Fig. 4 with the help of a discrete shadow m. Outside this
area Ax X Ay this arrangement repeats again.

Once the m? possible combinations have been analysed, the algo-
rithm (been fixed W and L, fixed ¢ and because of the fact that 6,
is deduced from the standard) provides for each tilt angle g the best
arrangement of the mounting systems, this is, the maximum of A, ().
The algorithm also shows the maximum number of panels np(g) and
how many of them are never affected by shadows, npss(f), as they are
the first to receive the sunlight from the South.
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Fig. 3. Longitudinal and transversal study of the installation.
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Fig. 4. Packing algorithm.

3.5. Shading study: Maximization of effective modules area

Next, in this section, the shadows produced in between the rows of
mounting systems are going to be considered. This point is certainly a
fundamental aspect that has been deeply studied.

In Section 4 (Results and discussions) it is shown that the fulfilment
of the standard [50] given by (8) guarantees the total absence of
shading effects in between the rows of mounting systems for a certain
range of hours (which are function of 6,,) for each day throughout
the year. [T|(n),T,(n)] are named operating hours of the PV system.
These are hours through which the absence of shading is guaranteed
and simultaneously the cos §; > 0.

On the contrary, when the transversal angle 6, is bigger than 6,
(this is, inside [Tx(n), Tg(n)] but outside [T (n), T,(n)]) a shading effect
is produced and, as it comes from Fig. 5, the value of the shadow B,
produced by one row of mounting systems on the next one is given by:

sin(0; — 0,)
cos(f —6;)
This deduction is simply based on the Law of sines and on an accurate
calculation. The shading effect has obviously been considered when
calculating the energy daily obtained from Tk (n), sunrise solar time (h),
up to Ts(n), the sunset solar time (h).

Once all the previous calculations have been made, it results that
the effective PV modules area (Apy, /) is:

Bn,p,T) = Lsin ffsec 6 (13)

Apyers(n . T) = Appy () = W.B(n, B, T) - (np() — npss(p)) a4

It evidently now shows that Apy,,, depends not only on f, as it
happens to A;py, but also on the day » and on the time T. This fact
indicates the way of calculating the energy that is shown next.

3.6. Maximization of energy incident on a tilted surface

In a previous paper [27], where the shading effect had not been
taken into account, the energy calculation was made in a simpler way.
The calculation of the adjusted irradiation curve as a function of the
tilt, H,(p) and multiplying by the total area A;p, () obtained from the
packing algorithm was enough. In this simple case, the maximum g*,
in the curve which represents the total energy, was calculated:

Epv(ﬂ) = Hx(ﬁ) . ATpv(ﬂ) (15)

But the procedure in the current work is different.

Following previous studies ([51-53]) the isotropic model of Liu and
Jordan [54] for the diffuse and the ground reflected solar irradiation
(Wh/m?) on a tilted surface has been used in this work. Therefore the
energy Ep, (n,#) (Wh) has been calculated with the integral [44]:

T(n) . ‘
EPV(I’l,ﬂ):/S [th(”sT)'&9’+Hdh(n,T)-<l+C°5ﬂ>+

Tr(n) cosf, 2
1—cosp

+ Ly (0. T) + Ly, (0, T)) - g - ( 5

)] - Apyesr(n, . T) dT (16)
where the adjusted horizontal irradiances (W/m?) (I, I,,) have been
calculated using the method proposed by [39]. In Eq. (16), n is the day
of the year (day), g is the tilt angle (rad), 0, is the zenith angle of the
Sun (rad), p, is the ground reflectance (dimensionless), T is the solar
time (h), Ty is the sunrise solar time (h), T is the sunset solar time (h)
and 0, is the incident angle (rad) calculated as [44]:

cosf; = sind-sind-cosf —sind-cosi-sinf-cosy
+c0s6-cosi-cosf-cosm

+cosé-sind-sinf-cosy-cosw+cosé-sinf-siny -sinw (17)

where 6§ is the solar declination (rad), 4 is the latitude (rad), f is the tilt
angle (rad), y is the azimuth angle (rad), and w is the hour angle (rad).
In this last Eq. (17), it is necessary to take into account two conditions
proposed by [44]: (i) the incident angle may exceed 90°, which means
that the Sun is behind the surface and (ii) the Earth is not blocking the
Sun. With regard to y, the azimuth angle (rad), the value 0 (rad) [27]
has been taken as previously mentioned.
Eventually, the total annual energy for each tilt angle g has been
calculated:
365
E, ()= ) Epy (n.p) a8)
n=1
and from this curve, E, () (W h/year), the optimum g* for each rack
configuration immediately results.
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Fig. 5. Shading calculation.

3.7. Structural analysis of the mounting system

The steel structure designed for the mounting system must be able
to support its weight, the weight of the PV modules, the weight
of accumulated snow and the wind loading, or combinations thereof
during its lifetime.

For the structural analysis the standards and the codes listed below
have been used: (i) UNE-EN 1990: 2019, Basis of structural design [55];
(ii) UNE-EN 1991-1-7: 2018, Actions on structures [56]; (iii) UNE-
EN 1993-1-9:2013, Design of steel structures [57]; (iv) UNE-EN ISO
1461:2010, Hot-dip galvanized coatings on fabricated iron and steel
articles [58]; (v) UNE-EN ISO 14713-1:2017, Zinc coatings - Guidelines
and recommendations for the protection against corrosion of iron and
steel in structures [59]; (vi) CTE DB-SE-A: 2006, Structural safety - Steel
structures [60]; (vii) CTE DB-SE-AE: 2006, Structural safety - Actions
on buildings [60].

The accurate estimation of the magnitudes of these loads is an
important aspect of this analysis. The structural weight can be directly
calculated with the software itself.

To calculate the load due to the weight of the PV modules the
Eq. (19) can be used:

W,
ePV (19)
APV

dpy =

where W, py, is the weight of the PV module (kg) and Ap, is the area
of a PV module (m?).

To calculate the load due to the snow, the following considerations
have been made:

(i) How is distributed the load of the accumulated snow.

(ii) The load concentrations are considered to be negligible.

In the annex E of the code CTE DB-SE-AE: 2006, Structural safety
- Actions on buildings [60] the snow load for each state zone and for
each altitude is detailed.

The method for calculating the wind load is defined in code CTE
DB-SE-AE [60]. For this purpose the Eq. (20) can be used [60]:

de =4qp - Ce : Cp : Cprob (20)

where ¢, is the static pressure (kN/m?), gy, is the basic velocity pressure
for the reference speed established in the code (kN/m?), C, is the ex-
posure factor, C, is the pressure coefficient, and C,,,, is the probability
factor.
According to the annex D of CTE DB-SE-AE [60], g, is determined
from the expression:
1 2

4b=§'ﬂ‘vb

where p is the air density (Kg/m?), which value is determined as 1.25
(Kg/m?) and v, is the basic wind velocity (See Table D.1 CTE DB
SE-AE [60]).

C, is defined in Paragraph D.3 CTE DB SE-AE [60] .

Cyop 1s defined in Annex D.1 of CTE DB-SE-AE [60] depending on
the period of service of the considered element.

C, can be defined as:

ot () 7 n(2)

2D

(22)

where z is the height on the ground (m) and & and L, are parameters
that depend on the land (See Table D.2 CTE DB-SE-AE [60]).

The components of the structure are designed for critical scenarios.
These scenarios are identified using structural analysis for different load
combinations. Load combinations specified by CTE DB-SE-A [60] are
tabulated in Table 2.
where W, is the weight of the structure, W,p, is the weight of the PV
module, S, is the snow load and W; is the wind load.

Combinations of the Ultimate limit state for calculating the sections
dimensions in relation with the maximum profiles resistance and the
joins have been used. On the other hand, in order to calculate the sec-
tions dimensions in relation with the existing strains and the foundation
dimensions, combinations of Serviceability limit state have also been
used.

The selection of the foundation for ground mounted PV systems
is another important aspect to be considered. The selection of the
foundation is an essential factor for a cost-effective installation of the
PV module support structures. A proper study of the underground
conditions is necessary for the selection of the appropriate type of
foundation. There are four types of foundations commonly utilized in
large-scale PV plants. These types of foundations ordered from the
lower to the higher cost-effective installation are [16]: driven piles,
earth-screws, helical piles and ballasted foundations. In this work,
driven piles have been used.

3.8. Cost analysis

The total cost of a large-scale PV plant during its lifetime is the
sum of two costs: the initial investment cost and the operation and
maintenance costs.

The initial investment cost can be calculated by Eq. (23) [61]:

Ci=Npy Cpy+ Ny Cinp+Cr+ Nyps  Cprs +Cop +Cr +Cpy +Cyp (23)

where Npy, is the total number of PV modules, Cpy, is the unit cost of
a PV module (€/unit), N,,, is the total number of inverters, C,,, is the
unit cost of the inverter (€/unit), C; is the cost of the land area (€),
N is the total number of mounting structures, C,, ¢ is the unit cost of
the mounting structure (€/unit), C,, is the cost of the cable (€), C; is
the cost of the transformer (€), C,, is the cost of the protection devices
(€), and C), is the cost of the monitoring system (€). Obviously, these
costs depend on specific parameters of the site.

Despite the lack of standardization [5] for the Operation and Main-
tenance costs, the National Renewable Energy Laboratory recommends
assuming an annual cost of 0.5% of the total initial cost for large
systems and one of 1% for small ones [62]. Moreover, Mortensen [6]
suggests that operation and maintenance costs with tracking systems
are double those of fixed-tilt ones.

The available land area is a constant parameter in this work, there-
fore it can be considered that the equation terms (23): C;, C,,, Cr,
Cypas Cyr» and N, stay the same for all the studied rack configurations.
Although, the C,,, could slightly vary with each configuration, its value
has also been considered to be constant. Therefore, the parameters
of Eq. (23) subject to variation are: Npy,, Cpy, Nyg and Cy,g. The Np,
and N, parameters are obtained by the application of the proposed
algorithm. Cp), is given by the PV modules-maker. To get Cy,g it is
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Table 2
Classification of load combinations.

Applied Energy 314 (2022) 118881

Designation Ultimate limit state Designation Serviceability limit state
ULS 1 1.35- (Weg + Wepy ) SLS 1 (Wes + Wepy)

ULS 2 1.35- (Wes + Wepy) + 1.5 “W, + 0.75 -S;  SLS 2 (Wes +Wepy) + W+ 0.5 S,
ULS 3 0.8 (Wes + Wepy) + 1.5 -W,. SLS 3 (Wes +Wepy ) + W,

ULS 4 1.35- (Weg + Wepy ) + 0.9 W, + 1.5 S, SLS 4 (Wes + Wepy ) +0.6W, + S,

necessary to know the weights of the different elements of the structure
which are get from the structural analysis.

The assessment of the economic viability of a project is a key
element to make an investment decision. The objective of the economic
viability is to measure the economic value of each one of the proposed
rack configurations. To evaluate the economic performance of the pro-
posed rack configuration, the levelized cost of the produced electrical
energy (LCOE) is calculated. The LCOE in (€/kW h) can be defined
as the ratio between the life-cycle cost of the PV system and the whole
life produced energy. Ref. [63] has provided an equation to calculate
the LCOE for a PV system. This equation is given in Eq. (24) below:
TiolC/a+n]
Tico [Ei/ (4]
where C; is the net cost of the project for i (€), E; 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.

The net cost of the project involves: the initial investment cost, the
operation and maintenance costs and the interest expenditure if it is
debt financed. The initial investment cost can be calculated with the
Eq. (23). The 0.5% of the initial investment has been assumed for the
operation and maintenance costs.

The total electrical energy output at the ith year could be calculated
as following:

LCOE = (24)

E =5 -n-(1-d) (25)

where E; is the total electrical energy output at the ith year (kWh),
S; is the availability of solar resource at the ith year (kWh), # is the
performance factor, d is the annual degradation rate, and i is the year.
The terms #, d, and i can be considered to have the same value for all
the studied rack configurations, because the same type of PV modules
has been used.

The LCOE implicitly depends on site specific variables such as the
power capacity, the PV technology and the location. The PV tech-
nology used and the location are the same. Therefore, only the power
capacity varies. In this work, the “LCOE efficiency” is introduced as
the ratio between the LCOE,; with 2V configuration and the LCOE;:
with 3V configuration:

LCOE,,

_ 26
TLCcoE = TCoE,, (26)

Notice that an ;o value greater than 1 implies that the 2V configu-
ration is less efficient than the 3V configuration.

4. Results and discussions

In this work, the optimal distribution of PV modules in a PV plant
using a packing algorithm is developed to determine the maximum
amount of energy captured by all the PV modules. The optimum
distribution of PV modules is analysed for a geographic location.
Specifically, a PV plant (Sigena I) with a fixed tilt angle located
in Villanueva de Sigena (Spain), with latitude 41°44’19” N, longitude
0°1’37”W and altitude 235 (m) is studied in this work. The available
land area has an irregular shape. Fig. 6 shows an aerial photograph of
the installation, as well as the parcel P and the rectangle R obtained
with the method described in Section 3.2. The Table 2 summarizes the
actual parameters of the Sigena I PV plant. Based on the described
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methodology, this section shows the main results of the simulations for
the different mounting system configurations.

The analysis has focused on three particular mounting system con-
figurations. The first one is the current Sigena I PV plant configuration
which is 2V x 12 configuration with a tilt angle of 30 (°) (2V'4). The
second one is a 2V x12 configuration obtained by applying the proposed
methodology (2V'*). And the third one is a 3V x 8 configuration
obtained by applying the proposed methodology (3V*). In each one
of these configurations 24 PV modules have been used. The type
of PV module that has been chosen is the model JAM72S20 440-
465/MR manufactured by JASolar, which has a rated maximum power
of 450 (W) and dimensions of 2120 x 1052 (mm).

The optimization algorithm has been implemented with
M athematica™ software. A specific Mathematica™ code calculates the
direct, the diffuse, and the reflected components of the solar irradiance.
This code uses the satellite-derived PV GI.S data [42] as inputs of
monthly-averaged beam and diffuse solar irradiation. The effect of the
weather conditions is taken into account with the method proposed
by [39].

The angle 6,, imposed by the standard [50] on the solar longitudinal
incidence angle for the location of Sigena is 68.31 (°). Fig. 7 shows
three curves. Firstly, the black curve represents the dawn and the
sunset hours of each day through the year: Tx(n) and Tg(n). Secondly,
by using Eq. (17), the hours through which the cosé, > 0 have
been calculated for each day, in order to ensure that the Sun faces
towards the PV surface. These values are represented with the red
curve. Finally, the hours of each day through the year in which it is
fulfilled that 6,, = 68.31 (°): T|(n) and T,(n) have been calculated by
means of (7), and they have been represented with the blue curve. In
between [T (n), T»(n)] the absence of shading between the PV modules
is guaranteed. This graph shows that the black curve and the blue one
are the same curve when the declination § is positive. This occurs in
the case of the selected location between the 80th and the 267th days.

4.1. Optimum distribution of PV modules.

Next, in this example, a longitudinal spacing for maintenance ¢’ =
4 (m) and a transversal installation distance of ¢, = 0.30 (m) have
been fixed as well as a gap of 25 (mm) due to the clamps. In the 2V
configuration it is fulfilled that W = 12 - 1052 + 11 - 25 (mm) and
L =2-2120+25 (mm), whereas in the 3V configuration it is fulfilled that
W =8-1052+7-25 (mm) and L = 3-2120+2-25 (mm). Once these values
have been fixed, as well as 6, obtained with the standard, the Packing
algorithm provides for each tilt angle f the best arrangement of PV
modules and the maximum value of the total modules area Ay p, (f). A
variation interval of the tilt de of g € [0,45] (°) has been considered.

Fig. 8 shows the total PV modules area as a tilt function, A;py (8)
for both 2V and 3V configurations. The type of the rack configuration
has a great influence on the total PV modules area. For the same value
of B the 3V configuration is always more advantageous than the 2V
one. There are several reasons that cause such advantage. L and W
are two of the parameters that give to 3V configuration its advantage.

Firstly, the length L in a 3V configuration (a 50% bigger than that
in a 2V configuration) is the main factor that gives this advantage. It
reduces the number of passages required for maintenance in the 3V
configuration. Taking into account that the value of the longitudinal
spacing for maintenance, ¢’ = 4 (m) is very high, it has a great
influence on the result because it represents a useless area.
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Fig. 6. Aerial photograph of the PV installation and parcel P.
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Secondly, although the width W of the mounting system in a 2V
configuration is 1.5 times bigger than that in a 3V configuration, the
transversal space for the passage is ¢, = 0.30 (m) and therefore its
influence is much lower. So, although the 3V configuration requires
more passages, this fact is largely counterbalanced by the ease of
packing in the East-West direction that has the 3V configuration.

On account of that, L is a factor with more influence than W on
the packing.

Fig. 8 aids the analysis of g which is the next parameter. For very
low values of g, a small increase of the area A;py,(f) is produced
as the value of f increases. This occurs because more modules can
be packed without producing shadows between the adjacent rows.
Although, once the maximum value has been obtained, Fig. 8 shows
how the increase of § rapidly decreases the number of PV modules
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installed and, consequently, the area A;p) (). This is so because an
increase of f implies an enlargement of the distance between the rows
of PV modules in order to fulfil the standard (ef’) of the Spanish
Government Technical Report [50] and to avoid the shading between
two consecutive rows of the mounting systems.

The values of g that produce the maximum total area A;py (f) of
PV modules, are the same as the values of § that give values of the
parameter longitudinal spacing ¢, that are close to the minimum value
of maintenance e =4 (m). This allows the users to predetermine in a
simple way a range of appropriate values of . This is a fact important
enough to be highlighted as result of this study. The area A;py (B) is
another important factor, but not the only one, in order to maximize
the total energy.

In the next step of the algorithm the effective PV modules area
Apyerrn, B, T) has been calculated using Eq. (14). Fig. 9 shows the
results obtained in both 2V and 3V configurations for the particular
case of § = 22 (°). It shows that in the Interval [T} (n), T,(n)] there
is no shading and at the same time A;p, = Apy,,, Whereas in
the interval [Tx(n), T\ (n)] U [T»(n), Tg(n)] the shading effect causes
Apy. sy to appreciably decrease. This happens in the case of the selected
location all the days but those between the 80th and the 267th days,
when the declination § is positive. Fig. 9 shows that the type of the
rack configuration has a great influence on the total PV modules area,
in this case for § = 22 (°). This value has been chosen because it
is the optimum g for the 2V configuration and despite that, the 3V
configuration gets the best results.

Following, Ep, (n,p) has been calculated using Eq. (16) and the
obtained surfaces are shown in Fig. 10. This figure shows how the
increase of p decreases the annual energy. This is so because the
increase of f implies an enlargement of the distance between the rows
of PV modules and therefore, a reduction in the number of the PV
modules installed. The range of values of  with which high values of
annual energy are obtained is the same as the parameter longitudinal
spacing for maintenance that has a minimum value of 4 (m).

Eventually, the annual sum of energy for each tilt # has been
calculated and the curves E, (f) are shown in Fig. 11.a for e’ = 4.00
(m). From these curves the optimum g* for each rack configuration is
immediately obtained: for the 2V* it comes out f* = 22 (°) with a
E, = 8436.96 (MWh) and for the 3V? it comes out f* = 14 (°) with
a E, = 10084.20 (MWh). Obviously, the total PV modules area has a
great influence on the annual energy, and therefore on the type of the
rack configuration. In fact, the optimum p* for each rack configuration
is the same as the values of g for which the function Ay py () shows a
maximum. However, there are 3 values of § in the 2V configuration to
which the area Ay py (f) shows the same maximum value. These values
are: 20, 21 and 22 (°). In that case, the method allows to choose which
of these values is the optimum one that maximizes the energy basing on
the other factors that affect the energy (16) in addition to the effective
area Apy,,s(n, B, T); these factors are cos6; and cos f.
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Fig. 10. Energy Epy, (n,p).

Finally, the longitudinal spacing of maintenance ¢} also has an
important influence on the result. Until now this is the only parameter
which has been given a fixed value.

In Fig. 11b the e;” = 4.50 (m) has been modified. An increase of e;"
decreases the annual energy in both configurations and increases the
value of the optimum tilt angle. These results are coherent because an
increase of e decreases the number of rows of PV modules that can
be installed in the North-South direction. Although it has to be pointed
up that an increase of ¢, increases the value of the optimum tilt angle
p. This result is explained again by the fact that the PV modules can
be tilted without producing shading between the adjacent rows.

Eventually, Fig. 12 shows the optimal rack arrangements for each
one of these configurations as well as the current implemented one in
Sigena 2V4. It also proves the influence of the parameters W and L
on the installation of PV modules. Given that the parameter W is 1.5
times bigger in the 2V configuration, in the East-West direction, more
gaps in these configurations can be seen and that results in a smaller,
total PV modules area. The gap between the PV modules in the North—
South direction is affected by the longitudinal spacing for maintenance,
and that causes the parameter L to have a bigger influence on the
number of PV modules which can be installed. Therefore, given that
the parameter L is bigger in the 3V configuration, it enhances the
results. The lowest parameter W of the 3V configuration, enhances
the packing in the East-West direction and it adapts better to the
irregularities of the land.

In the 2V configurations with the same parameters W and L, the
parameter that influences the total PV modules area is the longitudinal

12

spacing for maintenance. For g* = 22 (°) the parameter longitudinal
spacing for maintenance has the minimum value of 4 (m), while for
p* = 30 (°) the longitudinal spacing for maintenance is bigger than 4
(m).

The algorithm output gives answers to the three posed questions:
how many PV modules can be installed?, which is the tilt angle of the
PV modules? and which is the right position for the PV modules?.

The Table 3 summarizes the results obtained with the proposed
methodology for the three configurations that have been studied. The
concept of energy gain is very useful to evaluate the different configura-
tions. The energy gain is then calculated as the difference between the
energy absorbed by the 2V * configuration and the 2V4 configuration,
as a % of energy: longitudinal spacing for maintenance e/" =4 (m) and
a transversal installation distance of ¢, = 0.30 (m)
2vP—ayA

2V4
The energy gain also can be calculated as the difference between the
energy absorbed by the 3V* configuration and that absorbed by the
2V 4 configuration, as a % of energy:
3vP—ay4

2v4
In relation to the annual energy, Table 2 suggests the following conclu-
sions:

EG, = 100 @27

EG, = 100 (28)

(i) A3V?" configuration produces the most annual energy. This is due
to the fact that this configuration has a lower W than the other
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Fig. 12. Rows arrangement for the optimum distribution of PV modules.

Table 3
Results of Sigena I PV plant.

2V x 12 2V4)
actual config.

2V x 12 2VP)
config. proposed

3V x 8 (3VF)
config. proposed

Input algorithm
Area of P (m2)
Longitudinal maintenance distance (m)
Transversal installation distance (m)
Orientation
PV module model

Rack configuration

Number of PV modules/rack
Output algorithm

Number of total PV modules

Number of rack

Tilt angle (°)

Longitudinal distance (m)

Annual solar irradiation (MWh)

11402

4.00

0.30

South
JAM72S20
440-465/MR
2V

24

1800
75

30
5.3621
7613.34

11402 11402
4.00 4.00

0.30 0.30

South South
JAM72S20 JAM72S20
440-465/MR 440-465/MR
2V 3V

24 24

2016 2472

84 103

22 14
4.01736 4.00
8436.96 10084.20

three ones and, as a result of that, the algorithm packs more units

in the East-West direction. Although this configuration has the

greatest L, it produces a lower shading because it uses a low tilt

13

angle Therefore, this configuration packs the most PV modules

for the same surface.
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Fig. 13. Rows arrangement for the optimum distribution of PV modules (Screenshot from PVsyst).
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Fig. 14. Energy gain with Mathematica and PVsyst.

(i) The current 2V 4configuration gets the worst result. This is due
to the fact that it uses a high tilt angle which is close to the site
latitude and as a result of this, the produced shadows are very
large and the rows of PV modules require more space in between
them. This result, is supported by the work [27]. Therefore, the
use of tilt angles whose values are close to the site latitude value
impairs the whole PV plant results.

Both 2V'* and 2V4 configurations share the same parameters but
the tilt angle. The 2V'? configuration gets better results than the
2V 4 configuration because it uses a lower tilt angle and as a result
of this it produces less shadows in between the PV modules.
(iv) The maximum EG, is 10.81% and the maximum EG, is 32.45%.

(iii)

4.2. Verification by PVSyst software

In this work the PVsyst software [64] has been used to verify the
energy gain across the different studied configurations: 2V4, 2V'*, and
3V, PVsyst software is a commercial software specialized in sizing
and analysing PV systems. This software has been used by numerous
authors for simulating photovoltaic systems [65,66]. Fig. 13 shows the
design of the configurations with PVsyst.

Fig. 14 shows the graphical relative comparison between the Mathe-
matica model and the PVsyst simulation for EG, and EG,, which shows
the practical equality between both models (0.56% at least, in relative
terms).

4.3. Structural analysis of the mounting system

In the calculation of the (2V4, 2V'* and 3V ") configurations, the
typical environmental loads (wind and snow) as well as the weight of
the structure itself, the weight of the PV modules, and combinations
thereof have been analysed. The mounting angle of the 2V4 configura-
tion is 30 (°), the one of the 2V'? configuration is 22 (°) and the one of
the 3V * configuration is 14 (°). In both cases 24 PV modules have been
used. The model JAM72S20 440-465/MR manufactured by JA Solar,
with a weight of 25 (Kg) and dimensions of 2120 x 1052 (mm) has
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Table 4
Values for the wind action.

2V4 configuration

1.015 (kN/m?)
1.52 (kN/m?)

3V” configuration

0.62 (kN/m?)
1.24 (kN/m?)

2V? configuration

0.761 (kN/m?)
1.269 (kN/m?)

Qe pushing

Qe_suction

been chosen for this study. Figs. 15 and 16 show the general views of
these two configurations.

The structural weight can be directly calculated by the software
itself.

When calculating the load due to the weight of the PV modules,
the following points have been taken into consideration:

(i) The weight of the PV module is 25 (kg).

(ii) The area of a PV module roughly is 2 (m?).

According to the points (i) and (ii) and applying the Eq. (19), the
load is of 0.125 (kN/m?).

When calculating snow loading, the zone 2 and altitude of 235 (m)
have been considered in the annex E of the code CTE DB-SE-AE [60].
Therefore, the maximum snow load is of —0.55 (kN/m?).

When calculating wind actions, the following results have been
obtained:

(i) As the installation is located in the zone B (See Table D.1 CTE
DB SE-AE [60]), it results that g, = 0.45 (kN/m?) for both studied
configurations.

(ii) The parameters to determine the exposure factor according to
CTE DB SE-AE [60] are arranged in the Table D.2: Terrain of category
II (Area with low vegetation such as grass and isolated obstacles (trees,
buildings) with separations at least of 20 obstacle heights), z = 2 (m)
for the 2V configuration and z = 2.4 (m) for the 3V configuration.
Therefore, C, = 1.88 (kN/m?) for the 2V configuration and C, =197
(kN/m?) for the 3V configuration.

(iii) The pressure coefficient can be calculated using the coefficients
of the Eurocode 1, UNE-EN 1991-1-7: 2018 [56] for shed roofs at 30

(°), 22 (°) and 14 (°). The obtained values are: C,, s, = 1.2 by 30 (°),
Cp suction = 1.8 by 30 (0)’ Cp_pu:hmg =09 by 22 (0)’ Cp_:uction =15 by 22
(), Cp pushing = 0.7 by 14 (°), and C, y,erion = 1.4 by 14 ().

(iv) In this case the probability factor is equal to 1.

The values of the wind action are shown in Table 4.
The AutoDesk Robot Structural Analysis [67] software has been used
to calculate the structure. The program has several functions designed
to simulate the behaviour of the structure under loads. As an example,
Fig. 17 shows a simulation obtained with the AutoDesk Robot Struc-
tural Analysis software. The material and the geometrical properties of
profiles obtained in the outputs of the AutoDesk Robot Structural Anal-
ysis software are summarized in Annex A while Annex B summarizes
the dimensions of the structure.
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Fig. 15. Cross-section of the 2V” configuration.
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Fig. 16. Cross-section of the 3V configuration.
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Fig. 17. Simulation obtained with the AutoDesk Robot Structural Analysis software.

4.4. Cost analysis of the mounting system

The weight of the elements (columns, beams, purlins, braces, driven
piles) will be computed basing on the analysis of the structure section
and the material properties.

All the costs of the structure necessary to calculate the cost of each
configuration are listed in Annex C. All the cost are referred to date
26/05/2021. The calculation of the total cost of the mounting system
is shown in Table 5. The 2V4 configuration is the more expensive one
because it is the configuration with the biggest slope and therefore it
has a greater wind load which requires an increase in the profiles of
the purlins and the beams size.

Table 6 shows the costs of the parameters analysed in the configura-
tions that have been studied. Obviously, the 3V configuration is the
configuration that has the highest initial investment cost.
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Table 5
Cost per configuration.

Configuration Structure cost (€) Other elements cost (€) Total cost (€)
2v4 693.22 74.64 767.86
2vP 537.80 74.64 612.44
3vP 504.97 72.37 579.34

The LCOE of the rack configurations have been compared, taking
as baseline the 3V* configuration, by computing the ratio between
the LCOE of the 2V4 and the 2V " configurations and this one (see
Eq. (26)). This comparison shows that ;-0 values are 1.10 and
1.05, respectively. Therefore the 214 configuration is the worst one
in relation to the LCOE value.
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Table 6
Total cost.
Element 2V4 configuration 2V” configuration 3V’ configuration
Ny, 1800 2016 2472
Cpy (€) [68] 164.38 164.38 164.38
Nys 75 84 103
Cys () 767.86 612.44 579.34
Npy -Cpy+Nys-Cps (€) 353473.72 382834.98 466 046.74

5. Conclusions

A ground-mounted photovoltaic power plant comprises a high num-
ber of components: photovoltaic modules, mounting systems, inverters,
power transformer, ...Therefore its optimization may have different
approaches. This paper presents a methodology for estimating the
optimal distribution of photovoltaic modules with a fixed tilt angle
in a photovoltaic plant using a packing algorithm (in Mathematica™
software) that maximizes the amount of energy absorbed by the pho-
tovoltaic plant. A geospatial analysis of satellite imagery of plot areas
has been used for the determination of the available land areas for the
installation of photovoltaic plants. An open-source geographic informa-
tion system software, OGS, has been used. This software permits the
conversion, visualization and analysis of geospatial data. Different rack
configurations and tilt angles are incorporated in the study to account
for the characteristics of the irregular shape of the land. The most used
rack configurations in photovoltaic plants are the 2V x 12 configuration
and the 3V x 8 configuration. Codes and standards have been used for
the structural analysis of these rack configurations. For this purpose, the
wind loads, the snow loads, the weight of the structure, the weight of
the photovoltaic modules, and combinations thereof have be calculated.
This analysis has been performed with AutoDesk Robot Structural Anal-
ysis software for different rack configurations. The main advantages of
this methodology are:

(i) This methodology maximizes the amount of energy absorbed by
the photovoltaic plant using a packing algorithm.

(ii) The packing algorithm calculates in an accurate way the shading
between photovoltaic modules.

(iii) The algorithm output gives answers to the three posed ques-
tions: how many PV modules can be installed?, which is the tilt
angle of the PV modules? and which is the right position for the PV
modules?.

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

From a qualitative point of view, the following conclusions have
been reached:

(i) The type of the rack configuration has a great influence on the
amount of solar energy captured by a photovoltaic plant.

(i) The parameters length of the rack configuration, width of the
rack configuration, longitudinal spacing for maintenance and tilt angle
of photovoltaic module have a great influence on the total photovoltaic
modules area.

(iii) The gap between the photovoltaic modules in the North-South
direction is affected by the longitudinal spacing for maintenance, and
it gives rise to a bigger influence of the parameter length of the rack
configuration on the number of photovoltaic modules that can be
installed in that direction.

(iv) The gap between the photovoltaic modules in the North-South
direction is affected by the longitudinal spacing for maintenance, and
it gives rise to a smaller influence of the parameter length of the
rack configuration on the number of photovoltaic modules that can be
installed in that direction.

(v) The optimum tilt angle of the photovoltaic module to maximize
the total photovoltaic modules area, will be got when the longitudinal
distance has a similar value to that of the longitudinal spacing for
maintenance.

(vi) The tilt angle that maximizes the total photovoltaic modules
area has a great influence on the optimum tilt angle that maximizes
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the energy. In most of the cases both angles have the same value, but
in some cases it is necessary to look at cosine of the incidence angle or
at the model of Liu and Jordan for the diffuse and the ground reflected
solar irradiation in order to distinguish which one is its optimum value.

(vii) The cost of the mounting system is deeply influenced by its tilt
angle. The biggest the tilt angle is, the highest the cost of the mounting
system becomes because the size of the profiles of the purlins and
beams increases due to the wind loads.

The described methodology has been applied in Sigena I photo-
voltaic plant with a fixed tilt angle, 2/ x 12 configuration with a tilt
angle of 30 (°), located in Northeast of Spain (Villanueva de Sigena).
From a quantitative point of view, the following conclusions have been
reached:

(i) The configurations, 3V x 8 configuration with a tilt angle of 14
(°) and 2V x 12 configuration with a tilt angle of 22 (°), are the best
options proposed by the packing algorithm.

(ii) The 3V x 8 configuration with a tilt angle of 14 (°) is the best
option in relation to the total energy captured by the photovoltaic
plant, due to the lower width of the rack configuration and its lower tilt
angle, which allows more mounting systems to be packed. The 3V x 8
configuration increases the amount of energy captured by up to 32.45%
in relation to the current of Sigena I photovoltaic plant and it also
increases the amount of energy captured by up to 19.52% in relation
to the 2V x 12 configuration with a tilt angle of 22 (°).

(iii) The current 2V x 12 configuration (30 (°)) absorbs 10.81% less
energy and it is 25.37% more expensive than the proposed 2V x 12
configuration (22 (°)).

(iv) The 3V x 8 configuration with a tilt angle of 14 (°) is the one
which has the lowest cost for the same number of photovoltaic modules.
The 2V x 12 configuration with a tilt angle of 30 (°) increases the cost
by up to 32.4% in relation to a 3V x 8 configuration with a tilt angle
of 14 (°).

(v) The 2V x 12 configuration with a tilt angle of 30 (°) has the worst
LCOE value. The LCOE efficiency of the 3V x8 configuration is better
than those of the 2V x 12 configuration with a tilt angle of 30 (°) and
the 2V x 12 configuration with a tilt angle of 22 (°), whose efficiencies
are respectively 1.10 and 1.05.

The methodology proposed can serve to make the optimal decisions
in the choice of rack configurations of photovoltaic plants, yielding
significant benefits from the point of view of total energy absorption
and budget optimization. There are many PV system designers who
would benefit from studies on this issue. A future work will consist of
applying this methodology in different parts of the world to analyse
the influence of the latitude of the location. Another possible extension
of the work, certainly more ambitious, would be the application of the
method to bifacial modules.
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Table 7
Material and geometrical properties of profiles used in 2V4 configuration.

Element Designation Size (mm) Thickness (mm) Material Weight/unit (kg/m)
Rear column C100 x 50 x 20 x 3 C100 x 50 x 20 3 S 280GD Z275  5.652

Front column C100 x 50 x 20 x 3 C100 x 50 x 20 3 S 280GD 7275 5.652

Driven pile C100 x 50 x 20 x 3 C100 x 50 x 20 3 S 280GD Z275  5.652

Beam C150 x 50 x 20 x 2 C150 x 50 x 20 2 S 280GD Z275  4.55

Purlin C125 x 50 x 20 x 2 C125 x 50 x 20 2 S 280GD Z275 4.16

Brace C100 x 50 x 20 x 1.5 C100 x 50 x 20 1.5 S 280GD 7275 2.826

Table 8

Material and geometrical properties of profiles used in 2V'* configuration.

Element Designation Size (mm) Thickness (mm) Material Weight/unit (kg/m)
Rear column C100 x 50 x 20 x 3 C100 x 50 x 20 3 S 280GD 7275 5.652

Front column  C100 x 50 x 20 x 3 C100 x 50 x 20 3 S 280GD 7275  5.652

Driven pile C100 x 50 x 20 x 3 C100 x 50 x 20 3 S 280GD 7275  5.652

Beam C125 x 50 x 20 x 2 C125 x 50 x 20 2 S 280GD 7275 4.16

Purlin C100 x 50 x 20 x 2 C100 x 50 x 20 2 S 280GD Z275  3.76

Brace C100 x 50 x 20 x 1.5 C100 x 50 x 20 1.5 S 280GD 7275  2.826

Table 9

Material and geometrical properties of profiles used in 3V configuration.

Element Designation Size (mm) Thickness (mm) Material Weight/unit (kg/m)
Rear column C100 x 50 x 20 x 3 C100 x 50 x 20 3 S 280GD Z275  5.652
Front column C100 x 50 x 20 x 3 C100 x 50 x 20 3 S 280GD 7275 5.652
Driven pile C100 x 50 x 20 x 3 C100 x 50 x 20 3 S 280GD Z275  5.652
Central beam  C125 x 50 x 20 x 2 Cl125 x 50 x 20 2 S 280GD 7275 4.16
Beam C100 x 50 x 20 x 2 C100 x 50 x 20 2 S 280GD Z275 3.76
Purlin C100 x 50 x 20 x 1.5 C100 x 50 x 20 1.5 S 280GD 7275 2.826
Brace C100 x 50 x 20 x 1.5 C100 x 50 x 20 1.5 S 280GD 7275  2.826
Table 10
Dimensions of the structure with a 24 configuration.
Element Designation Units Length (mm)
Rear column C 100 x 50 x 20 x 3 4 2340
Front column C 100 x 50 x 20 x 3 4 1640
Driven pile C 100 x 50 x 20 x 3 8 1500
Beam C 150 x 50 x 20 x 2 4 3000
Purlin C 125 x 50 x 20 x 2 4 6000
Purlin C 125 x 50 x 20 x 2 4 6000
Brace C100 x 50 x 20 x 1.5 4 1300
Table 11
Dimensions of the structure with a 2V'* configuration.
Element Designation Units Length (mm)
Rear column C 100 x 50 x 20 x 3 4 1760
Front column C 100 x 50 x 20 x 3 4 1237
Driven pile C 100 x 50 x 20 x 3 8 1500
Beam C 125 x 50 x 20 x 2 4 3000
Purlin C100 x 50 x 20 x 2 4 6000
Purlin C100 x 50 x 20 x 2 4 6000
Brace C100 x 50 x 20 x 1.5 4 1300

Annex A. Material and geometrical properties of the profiles used Annex C. Costs of the structure

The material and geometrical properties of profiles obtained in

the outputs of the AutoDesk Robot Structural Analysis software are
summarized in Tables 7-9. In all these cases the surface treatment is
Hot-Dip Galvanizing. Weight will be expressed per linear metre.

Annex B. Dimensions of the structure

The dimensions and number of the elements used are summarized
in Tables 10-12.
They show that the driven piles are longer in the 3V *configuration,
because it has less driven piles.
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The cost of the elements of the structure of the 2V4, 2V F and 3V °
configurations are listed in Tables 13-15, respectively. All the cost are
referred to date 26/05/2021.

The other components of the mounting system have also to be taken
into account. There are: screws, washers, nuts, clamps and end clamps.
The cost of the other 2V configuration elements and 3V configuration
elements are listed in Table 16. All the cost are referred to date
26/05/2021.
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Table 12
Dimensions of the structure with a 3V" configuration.
Element Designation Units Length (mm)
Rear column C 100 x 50 x 20 x 3 3 1780
Front column C 100 x 50 x 20 x 3 3 970
Driven pile C 100 x 50 x 20 x 3 6 2300
Central beam C 125 x 50 x 20 x 2 1 5410
Beam C 100 x 50 x 20 x 2 2 5410
Purlin C100 x 50 x 20 x 1.5 6 4000
Purlin C100 x 50 x 20 x 1.5 6 4000
Brace C100 x 50 x 20 x 1.5 3 1930
Table 13
Costs of the structure of the 2V4 configuration.
Element Designation Units  Length ~ Weight/unit  Total weight  Cost/kg*
(mm) (kg/m) (kg) (€/kg)
Rear column C 100 x 50 x 20 x 3 4 2340 5.652 39.79 1.44
Front column C 100 X 50 x 20 x 3 4 1640 5.652 27.97 1.44
Driven pile C 100 x 50 x 20 x 3 8 1500 5.652 67.82 1.44
Beam C 150 x 50 x 20 x 2 4 3000 4.553 54.636 2.8
Purlin C125 x 50 x 20 x 2 4 6000 4.160 99.84 1.45
Purlin C125 x 50 x 20 x 2 4 6000 4.160 99.84 1.45
Brace C100 x 50 x 20 x 1.5 4 1300 2.826 14.69 1.56
Table 14
Costs of the structure of the 2V'? configuration.
Element Designation Units  Length  Weight/unit  Total weight  Cost/kg*
(mm) (kg/m) (kg) (€/kg)
Rear column C 100 x 50 x 20 x 3 4 1760 5.652 39.79 1.44
Front column C 100 x 50 x 20 x 3 4 1237 5.652 27.97 1.44
Driven pile C 100 x 50 x 20 x 3 8 1500 5.652 67.82 1.44
Beam C 125 x 50 x 20 x 2 4 3000 4.16 49.92 1.45
Purlin C100 x 50 x 20 x 2 4 6000 3.76 90.24 1.37
Purlin C100 x 50 x 20 x 2 4 6000 3.76 90.24 1.37
Brace C100 x 50 x 20 x 1.5 4 1300 2.826 14.69 1.56
Table 15
Costs of the structure of the 3V'? configuration.
Element Designation Units  Length ~ Weight/unit  Total weight  Cost/kg*
(mm) (kg/m) (kg) (€/kg)
Rear column C 100 x 50 x 20 x 3 3 1780 5.652 30.18 1.44
Front column C 100 x 50 x 20 x 3 3 970 5.652 16.447 1.44
Driven pile C 100 x 50 x 20 x 3 6 2300 5.652 77.99 1.44
Central beam  C 125 x 50 x 20 x 2 1 5410 4.16 22.50 1.45
Beam C 100 x 50 x 20 x 2 2 5410 3.76 40.68 1.37
Purlin Cl100 x 50 x 20 x 1.5 6 4000 2.826 67.824 1.56
Purlin C100 x 50 x 20 x 1.5 6 4000 2.826 67.824 1.56
Brace C100 x 50 x 20 x 1.5 3 1930 2.826 16.36 1.56
Table 16
Costs of the other elements.
Element Standard Material Surface treatment Units for Units for Cost/un*
2vA —2vP 3vP (€/un)
Screw M12 x 30 DIN 933 Class 8.8 Hot-Dip Galv. 33 31 0.2852
Wide flat washer M12 DIN 9021 Class 8.8 Hot-Dip Galv. 66 62 0.3244
Grower washer M12 DIN 127 Class 8.8 Hot-Dip Galv. 33 31 0.0456
Nut M12 DIN 934 Class 8.8 Hot-Dip Galv. 33 31 0.076
Screw M8 x 50 DIN 933 C(lass 8.8 Stainless 45 43 0.19
Washer M8 DIN 9021 Class 8.8 Stainless 45 43 0.0434
Nut M8 DIN 934 Class 8.8 Stainless 45 43 0.0411
Screw M8 x 40 DIN 933 C(lass 8.8 Stainless 9 13 0.17
Washer M8 DIN 9021 Class 8.8 Stainless 9 13 0.0434
Nut M8 DIN 934 Class 8.8 Stainless 9 13 0.0411
Clamp DIN 933  Aluminium 45 43 0.39
End clamp DIN 933  Aluminium 9 13 0.33
Sheet for brace S$280GD 7275 Hot-Dip Galv. 4 3 1.16
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