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“Concentrate all your thoughts upon the work at hand.

1

The sun’s rays do not burn until brought to a focus.’

Alexander Graham Béll






ABSTRACT

The production of energy using solar photovoltaic (PV) systems requires a considerable area.
Given the importance of land as an essential resource for humanity and with a polyvalent
potential, there is a strong need to use it as efficiently as possible. In this sense, new photovoltaic
applications have emerged in the energy sector.

There is no clear definition for what may be considered as conventional or non-conventional
applications solar PV technologies. In this thesis, the term conventional has been reserved for
matured and currently widely deployed applications. The more recent and less widespread
applications were referred to as non-conventional.

The propound study was performed in conjunction with INEGI (Instituto de Ciéncia e Inovagdo
em Engenharia Mecanica e Engenharia Industrial) and consists in the evaluation of the solar
potential and economic viability of non-conventional highway and railway PV application sites
for grid-connected implementation. Its primary objective was to select the 10 most promising
locations in a designated area of the Maia County, north from the city of Porto, Portugal.

Afirst group of 30 sites were initially selected according to surface orientation and near shadings
using Google Earth. They were carefully examined according to qualitative solar potential
standards and compared amongst each other. The 5 least favourable sites in terms of solar
exposure, structural viability for PV module installation, as well as visual and sound impact were
excluded. The remaining 25 sites were analysed with ArcGIS software.

ArcGIS analysis allowed to study the local horizontal incident global solar radiation. A second
triage was carried out and the 5 locations with the lowest incident radiation were discarded. The
remaining 20 sites were analysed using PVsyst software.

Using PVsyst, 3D shading models were created and PV module and inverter were selected for
each site. System simulations were conducted and the 15 sites which showed the best
performance were identified. Module areas range from 130 m? to 5324 m? and annual energy
production from 37.39 MWh to 1481 MWh. The registered annual performance ratio (PR) was
in all cases above 0.811.

Lastly, a brief economic analysis was undertaken, which allowed to determine the 10 sites both
with more solar potential and economic viability out of the 30 initially proposed. This analysis
took into account exclusively the cost of the modules and inverters used in the simulations. As
such, the results are rather optimistic. The initial investment did not exceed 831,834.00 €, the
annual return comprised values between 22,806 €/year and 311,010 €/year, and the maximum
payback time recorded was less than 5 years.






RESUMO

A producgdo de energia com recurso a sistemas solares fotovoltaicos (PV) requer uma area
consideravel. Atendendo a importancia do solo como recurso essencial a humanidade e de
potencial plurivalente, hda uma forte necessidade de o utilizar da forma mais eficiente possivel.
Nesse sentido, no ramo energético tém surgido novas aplica¢des fotovoltaicas.

N3do existe uma clara definicdo para o que pode ser considerado como tecnologias solares
fotovoltaicas convencionais ou ndo convencionais. Nesta dissertagdo, o termo convencional foi
reservado para aplicacdes maduras e amplamente implantadas nos dias de hoje. As aplicacdes
mais recentes e menos difundidas foram referidas como ndo convencionais.

O presente estudo foi desenvolvido em conjunto com o INEGI (Instituto de Ciéncia e Inovacao
em Engenharia Mecanica e Engenharia Industrial) e consiste na avaliacdo do potencial solar e da
viabilidade econdmica de locais destinados a aplicacdes fotovoltaicas ndo convencionais em
rodovias e ferrovias com conexao a rede elétrica. Teve como principal objetivo selecionar os 10
locais mais promissores numa area definida do concelho da Maia, a norte da cidade do Porto,
Portugal.

Um primeiro grupo de 30 locais foi selecionado com recurso a ferramenta Google Earth, de
acordo com a sua orientacdo superficial e possivel sombreamento causado por edificios ou
arvores na sua proximidade. Os locais foram de seguida comparados entre si e os 5 locais menos
favoraveis em matéria de exposigdo solar, viabilidade estrutural e com maior risco de impacto
visual e sonoro foram excluidos. Os 25 locais restantes foram analisados com o software ArcGIS.

A analise realizada com o ArcGIS permitiu estudar a radiagao solar global incidente horizontal
na drea proposta. Uma segunda triagem foi realizada e os 5 locais com menor radiacdo incidente
foram descartados. Os 20 locais restantes foram de seguida analisados usando o software
PVsyst.

Com recurso ao PVsyst, foram desenvolvidos modelos de sombreamento 3D para cada local.
Tanto mddulos PV como inversores foram selecionados para cada local e, apds realizadas as
simulacbes para cada sistema, foram identificados os 15 locais com melhor desempenho. As
respectivas areas fotovoltaicas compreenderam valores desde 130 m? até 5324 m? e produc3o
annual de energia de 37,39 MWh até 1481 MWh. Em todos os casos, o performance ratio (PR)
registado foi superior a 0,811.

Por ultimo, foi realizada uma breve analise econdmica que permitiu determinar os 10 locais com
maior potencial solar e viabilidade econdmica. Esta analise teve em conta unicamente o custo
dos mddulos e inversores utilizados nas simulagées e, como tal, os resultados mostram-se
bastante otimistas. O investimento inicial ndo ultrapassou os 831.834,00 €, o retorno anual
compreendeu valores entre 22 806 €/ano e 311 010 €/ano, e o maximo payback time registado
foi inferior a 5 anos.
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1. INTRODUCTION

During the past decade, there has been a 50% increase in global solar photovoltaic (PV) demand [1].
While centralized solar power plants require large areas for PV system installation, urban and semi-
urban areas might hold the key for a more efficient use of land.

Approximately 55% of the world’s population lives in cities, and cities constitute approximately two-
thirds of the global primary energy demand [1]. New decentralized PV applications help tackle the
geographic problem associated with renewables, particularly solar energy, and at the same time
provide energy generation close to its primary consumption location.

Substantial efforts have been made to estimate the solar PV potential of rooftop PV systems in which
a large number of small-scale solar PV modules are installed on rooftops, yet the density of high-rise
cities means that there is insufficient rooftop space to meet the high electricity demand. Furthermore,
rooftop area is also needed for other usages such as Heating, Ventilation, and Air Conditioning (HVAC)
systems. In this sense, innovative solutions have been put forth to solve the geographical issue. In this
work, these solutions are referred to as non-conventional.

Highways and railways represent a significant area of most developed countries. Moreover, they hold
the advantages of general good solar exposure as well as high accessibility. The installation of PV
systems applied to these infrastructures seems therefore very promising.

Portugal holds a number of advantages for PV system installation, particularly on highway and railway.
It has one of the best solar exposures in Europe and a rather high road and railway density for a country
of its size. Portugal has been investing in its renewable energy policies, raising the share of electricity
generated by variable renewables (wind power and solar PV). This share reached 27% in 2020 [2] and
the goal for 2030 is 47% [3]. In that sense, it is important to reach a solar installed capacity of at least
1 GW by 2030 [3].

In Portugal, there is a special regime of renewable energy production — Produgdo em Regime Especial
Renovdvel (PRE) — which is supported by a set of technologies for the production of electricity through
renewable sources, such as wind, water, sun, biomass, etc. This regime is covered by a specific legal
framework, its regulation being essentially the responsibility of the Government.

In terms of legislation, the Decreto-Lei n.° 172/2006, de 23 de agosto, amended and republished by
Decreto-Lei n.° 76/2019, de 3 de junho, establishes the legal regime applicable to production, storage,
transport, distribution activities and commercialization of electricity, as well as the logistical operation
of shifting supplier, the organization of the respective markets and the procedures applicable to access
to those activities, in the development of the principles contained in Decreto-Lei n.° 29/2006, de 15 de
fevereiro, in the wording given by Decree-Law no. 215-A/2012, of 8 October. The Portaria n.° 15/2020,
de 23 de janeiro, sets the amounts of fees due within the scope of administrative procedures relating
to the activities of production and sale of electricity [4].

The main aim of this dissertation is to contribute on overcoming the geographical issue associated with
PV system instalation mentioned before. The primary objective of this work was to select the 10 sites
with both higher solar potential and economic viability for the installation of non-conventional
highway and railway PV applications in a designated area of the Maia County, north from the city of
Porto, Portugal.



This project is organized into the following main chapters. The first chapter comprises an introduction,
objective and description of the methodology followed along the work. Chapter 2 includes literature
review on the fundamentals of solar energy technologies as well as the components, performance,
and economics of PV systems. A list of non-conventional PV applications is also presented as well as
an explanation of each technology. The intention is to provide the reader with an introductory
technical background.

Chapter 3 explains the case study. A map of the area of study is presented and site selection is
described in detail with images of each site. The following chapter 4 portrays the modelling in ArcGIS
and PVsyst softwares. In the ArcGIS analysis, the input layers are enunciated and the software
functions are explained. In PVsyst, various parameters were defined and these are also carefully
elucidated in this chapter.

Chapter 5 includes the PVsyst simulation results and their discussion. Additionally, a comparison
between the two softwares (ArcGIS and PVsyst) is made. Chapter 6 comprises a brief economic analysis
where the initial investment and payback time are estimated. Lastly, chapter 7 concludes the project
and references future works in the area.

The methodology followed in this work was based on a selection process where four main steps were
undertaken to identify the 10 sites more suitable. Each of the four selection phases were based on
different criteria, as shown in Figure 1.

Criteria

30 sites
Solar exposure

Visual and sound impact
» First Selection _—
(Google Earth)

25 sites
Incident Radiation
(ArcGIS)

» Second Selection
20 sites

Structural complexity

Performance Ratio

» Third Selection -
(PVsyst)

15 sites

Payback
» Fourth Selection Time

(Economic Analysis)

10 sites

Fig. 1 — Work methodology



2. STATE OF THE ART

2.1 Fundamentals of Solar Energy Technologies

Solar energy is the most pure, simple, and abundant form of energy that powers our planet. The sun
is an incredible resource that not only allows the existence of life on earth but also provides clean,
sustainable energy to all of its inhabitants. More energy from the sun reaches our planet in one hour
than is used by the entire population of the world in one year [5]. This makes it clear that the potential
power that we can harness from the sun is still far from what our current technologies allow us to, and
that there is still a long road for progress, research, and development.

This chapter explains the fundamentals of solar technologies and is mainly based on two books that
are considered worldwide references in the subject of solar energy technologies: Solar Engineering of
Thermal Processes, 2013, by John A. Duffie and William A. Beckman [6], and Solar Energy Engineering:
Processes and Systems, 2009, by Soteris Kalogirou [7].

2.1.1 THE SOLAR RESOURCE

In order to better understand and take full advantage of PV technologies, it is firstly necessary to
comprehend the source of power of these systems — the Sun.

The sun is a sphere of intensely hot gaseous matter with a diameter of 1.39 x 10° m and is, on the
average, 1.5 x 10 m from the earth. Because thermal radiation travels with the speed of light in a
vacuum (300,000 km/s), solar energy reaches our planet in 8 min and 20 s after leaving the sun.

In essence, the sun is a continuous fusion reactor in which hydrogen is turned into helium (Figure 2).
The sun’s total energy output is 3.8 x 10 MW. The earth receives only a tiny fraction of the total
radiation emitted, equal to 1.7 x 10 kW; however, even with this small fraction, it is estimated that
84 min of solar radiation falling on earth is equal to the world energy demand for one year (about 900
EJ) [7].
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Fig. 2 - The Sun with its layer structure depicted [8].



The sun has an effective blackbody temperature of 5760 K * but the temperature in the central region
is much higher and the density is estimated to be about 100 times that of water. It is estimated that
90% of the energy is generated in the region of 0 to 0.23R (where R is the radius of the sun) [6]. At a
distance of 0.7R from the centre, the temperature drops and so does density; here convection
processes begin to gain importance. The zone from 0.7 to 1.0 R is known as the convective zone.

As observed from earth, the path of the sun across the sky varies throughout the year. The shape
described by the sun’s position, considered at the same time each day for a complete year, is called
the analemma and resembles a figure ‘8’ aligned along a north-south axis [7].

The earth rotates not circularly but elliptically around the sun and the eccentricity is such that the
distance between the sun and the earth varies by 1.7% throughout the year. Because of this elliptical
orbit, there are variations in the sun’s path along the sky according to the time of the year. The most
noticeable variation in the sun’s apparent position along the year is a north-south swing over 47° of
angle (because of the 23.5° incline of the earth axis with respect to the sun) called declination. This
north-south swing in apparent angle is the main cause for the existence of seasons on earth, as shown
in Figure 3.

Spring equinox—March 21

24 Hours

Ecliptic 23.45°

Polar axis

147.1 % 105km
Winter solstice—December 21

152.1 % 105km
Summer solstice—June 21

Fall equinox—September 21 S0>-2> Days

Fig. 3 - Elliptical orbit of the earth around the sun [9]

*The effective blackbody temperature of 5760 K is the temperature of a blackbody** radiating the same amount
of energy as does the sun [2].

** A blackbody, which does not exist in nature, absorbs all the radiation that is incident on it, regardless of
wavelength and angle of incidence. Its reflectivity therefore is 0. Of course, since it also will emit light according

to its equilibrium temperature, it does not need to appear black to the eye [4].
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Knowledge of the sun’s path through the sky is necessary to calculate the solar radiation falling on a
surface, the solar heat gain, the proper orientation of solar collectors, the placement of collectors to
avoid shading, and many more factors [7].

The solar constant, Gy, is defined as the energy from the sun per unit time received on a unit area of
surface perpendicular to the direction of propagation of the radiation at mean earth-sun distance
outside the atmosphere. It is not in fact constant, as it varies somewhat according to the sun’s relative
position to the earth throughout the year. The solar constant is largest in January when the earth is
nearest the sun, as shown in Figure 4.
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Fig. 4 - Solar constant in the course of one year [9]

Solar Radiation

In terms of radiation, there are several definitions which prove to be useful in order to better
understand the solar resource as well as its relationship with the earth and the various PV technologies.

Beam Radiation (often referred to as direct solar radiation): it is the solar radiation received from the
sun without having been scattered by the atmosphere.

Diffuse Radiation: it is the solar radiation received from the sun after a change in direction as a result

of scattering by the atmosphere. In some meteorological literature it is referred to as sky radiation or
solar sky radiation.

Total Solar Radiation (often referred to as global radiation): it is the sum of the beam and the diffuse

solar radiation on a surface.

Irradiance (W/m?): defined as the rate at which radiant energy is incident on a surface per unit area of
surface. The symbol G is used for solar irradiance, with appropriate subscripts for beam, diffuse, or
spectral radiation.

Irradiation or Radiant Exposure (J/m?): it is the incident energy per unit area on a surface, found by
integration of irradiance over a specified time, usually an hour or a day. /nsolation is a term applying

specifically to solar energy irradiation.



Radiosity or Radiant Exitance (W/m?): it is the rate at which radiant energy leaves a surface per unit

area by combined emission, reflection, and transmission.

Emissive Power or Radiant Self-Exitance (W/m?): it is the rate at which radiant energy leaves a surface

per unit area by emission only.

Albedo: represents the proportion between the diffuse reflected solar radiation and the total incident
solar radiation. It is measured on a scale from 0 to 1, in which O corresponds to a blackbody that
absorbs all incident radiation and 1 to a body that reflects all incident radiation. Surface albedo is
defined as the ratio between radiosity and irradiance.

The operation of solar technologies and systems depends, among other factors, on the solar radiation
input and ambient air temperature. Solar radiation data is available on maps that also take into account
local meteorological conditions. Figure 5 displays the annual mean global solar radiation for the years
1981-2000 in Europe. This is based on numerous climatological databases and computational models.

kWh/m? Global radiation, annual mean 1981-2000
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Fig. 5 - Annual total solar irradiation on horizontal surface for Europe [10]

2.1.2 RECKONING OF TIME

In solar energy calculations, Apparent Solar Time (AST) must be used to express the time of day.
Apparent solar time is based on the apparent angular motion of the sun across the sky. The time when
the sun crosses the meridian of the observer is the local solar noon, yet it usually does not coincide
with the local 12:00 o’clock time. To convert the Local Standard Time (LST) to apparent solar time, two
corrections are applied: the equation of time and longitude correction.



Equation of Time (ET)

Due to factors associated with the earth’s orbit around the sun, the earth’s orbital velocity varies
throughout the year, so the apparent solar time varies slightly from the mean time kept by a clock
running at a uniform rate [7]. The variation is called the Equation of Time (ET).

This equation arises because the length of a day, that is, the time required by the earth to complete
one revolution about its own axis with respect to the sun, is not uniform throughout the year. Over
the year, the average length of a day is 24 h; however the length of a day varies due to the eccentricity
of the earth’s orbit and the tilt of the earth’s axis from the normal plane of its orbit [7]. Due to the
ellipticity of the orbit, the earth is closer to the sun on January 3™ and furthest from the sun on July
4™ hence the earth’s orbiting speed is faster than its average speed for half the year (from about
October until March) and slower than its average speed for the remaining half (from about April until
September).

The values of the equation of time as a function of the day of the year (N) can be obtained
approximately using equations 1 and 2:

ET =9.87sin(2B) — 7.53 cos(B) — sin(B) [min] (1)
where
360
= — - 2
B = (N —81) 361 (2)

The equation of time is graphically represented in Figure 6.
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Fig. 6 - Graphical representation of equation of time [7]



Longitude Correction

The standard clock time is established from a selected meridian near the centre of a time zone or from
the standard meridian, the Greenwich, which is at longitude of 0°. The sun takes 4 min to transverse
1° of longitude, therefore a longitude correction term of 4 x (Standard longitude x Local longitude)
should be either added or subtracted to the standard clock time of the locality. This correction is
constant for a particular longitude, and the following rule must be followed with respect to sign
convention: if the location is east of the standard meridian, the correction is added to the clock time;
if the location is west, it is subtracted. The general equation for calculating the apparent solar time
(AST) is then given by equation 3.

AST = LST + ET +4(SL — LL) — DS [min] (3)

where

LST - Local Standard Time

ET - Equation of Time

SL - Standard Longitude

LL - Local Longitude

DS - Daylight Saving (it is either 0 or 60 min)

The term DS depends on whether daylight saving time is in operation (usually from end of March to
end of October, where DS = 60 min) or not (where DS = 0). This term is usually ignored from this
equation and considered only if the estimation is within the DS period.

2.1.3 SOLAR ANGLES

It is known that the sun’s position in the sky changes from day to day and from hour to hour. The
relative sun-earth motions are not simple, but they are systematic and thus predictable.

To analyse the path of the sun in the sky and explicitly define solar angles, it is convenient to consider
the earth as static and to describe the sun’s virtual motion in a coordinate system fixed to the earth
with its origin at the site of interest, as shown in Figure 7.

Zenith

270°

Fig. 7 - The sun’s virtual motion coordinate system [8]



In this sense, the sun is constrained to move with 2 degrees of freedom on the celestial sphere;
therefore, its position with respect to an observer on earth can be fully described by means of two
astronomical angles, the solar altitude (a) and the solar azimuth (z). An approximate method for
calculating these angles is by means of sun-path diagrams. But before giving the equations of solar
altitude and azimuth angles, solar declination and hour angle need be defined since these are required
in all other solar angle formulations.

Declination, 6

The solar declination, §, is the angular distance of the sun’s rays north (or south) of the equator. As
shown in Figure 8, it is the angle between the sun-earth centre line and the projection of this line on
the equatorial plane. Declinations north of the equator (summer in the Northern Hemisphere) are
positive, and south are negative.

Center
of sun

Equatorial plane

Fig. 8 - Definition of the solar angles [7]

Figures 9 shows the declination during the equinoxes and the solstices. As can be seen, the declination
ranges from 0° at the spring equinox to +23.45° at the summer solstice, 0° at the fall equinox, and
—23.45° at the winter solstice.
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Fig. 9 - Celestial representation of the yearly variation of solar declination [7]



The variation of the solar declination throughout the year is shown in Figure 10. The declination, 8, in
degrees for any day of the year (N) can be calculated approximately by equation 4.

6 = 23.45si 360 284+ N
= 23. sm[ﬁ( )] (4)
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Fig. 10 - Graphical representation of the yearly variation of solar declination [7]

Declination can also be given in radians by the Spencer formula (equation 5):

§ = 0.006918 — 0.399912 cos(I") + 0.070257 sin(I') — 0.006758 cos(2I') + 0.000907 sin(2T')
—0.002697 cos(3I') + 0.00148sin (3T) (5)

where I’ is called the day angle, given (in radians) by equation 6.

_ 2n(N — 1) (6)
I'=—3¢

The solar declination during any given day can be considered constant in engineering calculations [6].

Hour angle, ha

The hour angle of a point on the earth’s surface is defined as the angle through which the earth would
turn to bring the meridian of the point directly under the sun [7]. In other words, it is the angular
displacement of the sun east or west of the local meridian due to rotation of the earth on its axis (at
15° per hour). The hour angle, ha, is negative in the morning, zero at local solar noon, and positive in
the afternoon.

Equation 7 expresses ha in degrees:
ha = 4+ 0.25 (Number of minutes from local solar noon) (7)

where the plus sign applies to afternoon hours and the minus sign to morning hours. The hour angle
can also be obtained from the Apparent Solar Time (AST), as shown in equation 8.

ha = 15 X (AST — 12) (8)

10



Solar altitude angle, a

The solar altitude angle, a, is the angle between the sun’s rays and a horizontal plane (Figure 11). As
shown in equation 9, it is related to the solar zenith angle, ¢, which is the angle between the sun’s rays
and the vertical [7].

m
¢+a=5rad=900 (9)
The mathematical expression for the solar altitude angle is given by equation 10.

sin(a) = cos(¢) = sin(L) sin(8) + cos(L) cos(8) cos (ha) (10)

Where L is the local latitude, defined as the angle between a line from the centre of the earth to the
site of interest and the equatorial plane [7]; values north of the equator are positive and those south
are negative.
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Fig. 11 - Apparent daily path of the sun across the sky from sunrise to sunset [7]

Solar azimuth angle, z

The solar azimuth angle, z, is the angle of the sun’s rays measured in the horizontal plane from due
south (true south) for the Northern Hemisphere or due north for the Southern Hemisphere; westward
is designated as positive [7]. The mathematical expression for the solar azimuth angle is given by

equation 11.
(11)
cos(9) sin (ha)

sin(z) = cos (a)

Incidence angle, 6

The solar incidence angle, shown in Figure 12, is the angle between the sun’s rays and the normal on
a surface. For a horizontal plane, the incidence angle, 8, and the zenith angle, ¢, are the same. The
expression for the solar incidence angle is given by equation 12.

cos(6) = sin(L) sin(§) cos(B) — cos(L) sin(8) sin(B) cos(z;) + cos(L) cos(6) cos(ha) cos(B)

+ sin(L) cos(6) cos(ha) sin(B) cos(z;) + cos(d) sin(ha) sin(B) sin (zy) (12)
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where

= [ is the surface tilt angle from the horizontal
=z, is the surface azimuth angle, the angle between the normal to the surface from true south
(westward is designated as positive)

Normal to horizontal surface

Normal to surface
in consideration

E A
S
P S
Sun
Projection of normal to Plan view showing
surface on horizontal surface solar azimuth angle

Fig. 12 - Solar angles diagram [7]

2.1.4 SUN PATH DIAGRAMS

For practical purposes, instead of using the preceding equations, it is convenient to have the sun’s path
plotted on a horizontal plane, called a sun path diagram, and to use the diagram to find the position
of the sun in the sky at any time of the year [7]. The solar altitude angle, a, and the solar azimuth angle,
z, are functions of latitude, L, hour angle, ha, and declination, 6. In a two-dimensional plot, only two
independent parameters can be used to correlate the other parameters; therefore, it is usual to plot
different sun path diagrams for different latitudes. Such diagrams show the complete variations of
hour angle and declination for a full year. An example of a sun path diagram for 35°N is shown in Figure
13.
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Fig. 13 - Sun path diagram for 35°N latitude [7]
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2.1.5 SHADOW DETERMINATION

In the design of many solar energy systems, it is often required to estimate the possibility of the
shading of solar modules by surrounding structures or shading caused by the modules themselves.
Solar panels are usually installed in multi-rows facing south, hence there is a need to estimate the
possibility of shading by the front rows of the second and subsequent rows.

Shadow determination is facilitated by establishing a surface oriented solar angle, called the solar
profile angle. As shown in Figure 14, the solar profile angle, p, is the angle between the normal to a
surface and the projection of the sun’s rays.

Sun

[*—— Shadow
Normal to surface

[~ Horizontal plane

South
*+—— Window

Fig. 24 - Geometry of the solar profile angle, p, in a window overhang arrangement [7]

In terms of the solar altitude angle, a, solar azimuth angle, z, and the surface azimuth angle, zg, the
solar profile angle, p, is given by equation 13.

tan (@)

cos (z — zg) (13)

tan(p) =

For a better understanding, in a horizontal plane, Figure 15 shows the parameters that need be
calculated to estimate shading and determine optimum distance, d, between rows of PV modules.

Tilted Module:
tilt angle: B
width: w

oF 2o Shadow Angle \
h ”"'-,__'ﬁ
]7? T e,

d
Module Row Distance: d

Fig. 15 - Parameters to calculate the minimum distance between module rows to avoid shading [11]

13



Equations 14 and 15 are derived by geometry.

(14)

= o @ + w - cos ()

where
h =w-sen(f) (15)

The solar altitude angle, a, is obtained by solar angle equations which were previously discussed.
Knowing the module’s width, w, hight, h, and orientation, f, row distance is determined to avoid
shading.

2.2 PV Systems

Photovoltaic (PV) modules are solid-state devices that convert sunlight (the most abundant energy
source on the planet) directly into electricity without the need of a heat engine or rotating equipment.
PV technology is designed to generate electricity without producing emissions of greenhouse or any
other gases; in addition, its operation is virtually silent. Photovoltaic systems can be built effectively in
any size, ranging from milliwatt to megawatt, and they are modular, which means that panels can be
easily added to increase output.

The modular nature of PV technology and its lack of mechanical machinery allows its installation to be
located where the electric loads are effectively being consumed, such as: residences, commercial
buildings, farms, and so on. This characteristic distinguishes PV from many other types of electrical
generation, including wind. Furthermore, PV systems are highly reliable and require little maintenance.

PV systems can be classified as either flat plate or concentrator systems. In the latter, optical
components, namely lenses or mirrors, are used to increase the intensity of the solar radiation falling
on the PV modules. Only flat plate systems will be considered in this thesis.

60 years ago, in the early days of photovoltaics, the energy required to produce a PV panel was more
than the energy the panel could produce during its lifetime. Since the beginning of the XXI century,
due to improvements in the efficiency of the panels and manufacturing methods, the payback times
have been greatly reduced.

Solar PV deployment has grown at an astonishing pace. Of all renewable sources, it has registered the
greatest increase in power capacity between 2019 and 2020, adding as much as 136 GW, as can be
observed in Table 1.
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Table 1 — Renewable energy investment and installed capacity [2]

2019 2020

Mew imvestment {annual) in renewable power and fuels’ billion LIS 258.4 303.5
Renewable power capacity (including hydropower) GW 258 2,838
Renswable power capacity (nof inclueding hydropower} GW 1,430 1,668
& Hydropower capacity® GW 1150 1,170
Solar PV capacity® GwW 821 760

#N Wind power capacity GW 650 743
@ Bio-power capacity G 137 145
@ Geathermal pawer capacity GW 14.0 141
Concentrating solar thermal power (C5P) capacity G 6.1 6.2

@ Ocean power capacity GW 0.5 0.5

1 USD ($) = 0.88 EUR (€) (verified in 18/02/2022)

The top five national markets — China, the United States, Vietnam, Japan and Germany — were
responsible for almost 66% of newly installed capacity in 2020 [2].

2.2.1 PV CELLS

The working principle of solar cells is based on the photovoltaic effect, i.e., the generation of a potential
difference at the junction of two different materials in response to electromagnetic radiation [8].

A basic solar cell contains two layers of a semiconductor material. One layer is of n-type (negative) and
the other is p-type (positive). An electrical field is created near the top surface of the cell where the
two layers are in contact, called a p-n junction. When solar radiation is absorbed by the solar cell,
photons hit the semiconductor material and cause a movement of electrons to the n-type side and
holes to the p-type side of the junction, which generates a voltage difference between the front and
the back of the cell and a dissipation of power in the load.

PV cells consist of:

= Active photovoltaic material: two or more thin layers of a semiconducting material. PV cells

range in colour from black to blue, depending on the type of material, as shown in Figure 16.

= Metal grids: they conduct the electrical charges as direct current and enhance the current
collection from the front and back of the solar cell.

= Antireflection coating: applied to the top of the cell to maximize the light going into the cell.

In some types of photovoltaic cells, the top of the cell is covered by a semi-transparent
conductor that functions as both the current collector and the antireflection coating.

= Supporting material.




(a)

Mono-Crystalline Silicon PV Cell Poly-Crystalline Silicon PV Cell

Fig. 36 - Mono (a) and Poly-Crystalline (b) Silicon PV Cells [12]

Nowadays, there are many types of PV cells with different photovoltaic materials. Silicon is the most
traditionally used semiconductor due to its stability in high-temperature processing, nontoxicity, and
high abundance. It covers about 25% of the earth’s crust and for this reason, it is also cheap. In fact,
labour now accounts for almost all the cost of a silicon solar cell. Fabrication techniques and
automation of the manufacturing process have been improving to continuously lower the price of
these cells.

Many types of PV cells are available today, such as: mono-crystalline silicon cells (made from pure
monocrystalline silicon, high efficiency — around 15%); multi-crystalline silicon cells (simple to
manufacture and therefore cheaper than mono-crystalline ones, slightly less efficient - around 12%);
amorphous silicon (composed of silicon atoms in a thin homogenous layer, low efficiency — around
6%), etc.

A typical silicon PV cell produces 0.5 V and up to 3 A under Standard Test Conditions (STC) of solar
irradiance 1000 W/m? and temperature 25°C. The electrical output from a single cell is small, so
multiple cells are connected and encapsulated (usually glass covered) to form a module [7]. One or
more PV modules assembled together form a PV panel and various panels together complete a PV
array, as it can be observed in Figure 17.

Photovoltaic (PV) Module
Cell

Array

Fig. 17 - Photovoltaic cell, module, panel and array [13]
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2.2.2 PV MODULES

Standard PV modules are composed by 60 solar cells. The cells are encapsulated by a thin sheet of
Ethyl Vinyl Acetate (EVA) and sandwiched between a glass and the back sheet. An aluminium frame is
fixed on all four sides and a junction box with cables and connectors is fixed on the rear side of the
module. Figure 18 shows a typical assembly view of a PV module.

Encapsulant
Solar cells

Encapsulant

~——— Backsheet

’— Junction box

Fig. 18 - Assembly view of a solar PV module [14]

Solar modules are built to work for 25 to 30 years and to withstand harsh weather conditions such as
high and low temperatures, storms, rain, dusty environments, etc.

2.2.3 PV SYSTEM COMPONENTS

The heart of a photovoltaic system is the PV array itself. However, the installation of PV modules comes
associated with a number of different Balance Of System (BOS) components, which may include:

= Batteries: required in many PV systems to supply power at night or when the PV system cannot
meet the demand. The selection of battery type and size depends mainly on the load and
availability requirements. When batteries are used, they must be located in an area without
extreme temperatures, and the space where the batteries are located must be adequately
ventilated [7];

= |nverters: used to convert the Direct Current (DC) into Alternate Current (AC). The output of

the inverter can be single or three phase. The designer should specify both the type and size
of the load the inverter is intended to service [7];
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Controllers: regulate the power from PV modules to prevent the batteries from over-charging.
The controller can be a shunt type or series type and also function as a low-battery voltage
disconnect to prevent the battery from over-discharge [7];

Peak-power trackers: these components use the Maximum Power Point Tracker (MPPT)

method, which lets the controller operate at the optimum operating point. It's a high-
efficiency DC-to-DC converter that compensates for the changing voltage against current
characteristic of a solar cell by converting the power to a voltage or current level that is more
suitable to whatever load the system is designed to drive. MPPT charge controllers are
desirable for off-grid power systems.

(a) (b)
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Fig. 19 - Schematic representation of (a) a simple DC PV system to power a water pump with no energy storage

and (b) a complex PV system including batteries, power conditioners, and both DC and AC loads [8]

According to network connection, PV systems can be classified as:

18

Stand-alone PV systems (Off-grid): used in areas that are not easily accessible or have no access

to main electricity grids. A stand-alone system is independent of the electricity grid, with the
energy produced normally being stored in batteries. A typical stand-alone system would
consist of the PV module or modules, batteries, and a charge controller. An inverter may also
be included in the system to convert DC current generated by the PV modules to the AC current
form [7]. Figure 19 shows schematically examples of stand-alone systems.



e Grid-connected systems (On-grid): these systems

are connected to the grid via inverters and do not
require batteries, since they are connected to the
electricity network (Figure 20). The electricity
generated can either be used immediately (which

is normal for systems installed in offices and other

commercial buildings) or sold to an electricity

| PV Modules

supply company (which is more common for

domestic systems, where the occupier may be out =/
during the day) [7]. In the evening, when the solar ~ | verter
system is unable to provide the electricity required, I @

power can be bought back from the network [7]. Distribution board

Large PV fields act as power stations from that all Loads

the generated PV electricity is directly transported
to the electricity grid [8].

Electricity grid

Fig. 20 - Schematic representation of
a grid-connected PV system [8]

There is also a third type of PV system called a hybrid system, which consists of a combination of PV
modules and a complementary electricity generation system, such as a diesel, gas or wind generator.
This thesis focuses on grid-connected systems.

2.2.4 PV SYSTEM PERFORMANCE

This section explains the fundamentals of PV system performance and is based on the book The
Performance of Photovoltaic (PV) Systems, 2017, by Pearsall, N. M. [15].

The performance of a system sets its technical and practical feasibility. It is directly related to its energy
output and depends on both the operating conditions and the configuration of the system. The
operation conditions depend on variables like location, which dictates the solar irradiation received,
ambient temperature, humidity, and other climate-related aspects.

In terms of the configuration of the system, its network connection plays a big role on performance.
Grid-connected PV systems are generally designed to produce their maximum energy output at all
times in order to meet network and/or local electrical loads. In turn, stand-alone systems run
independently from the grid and are designed to supply the required amount of electricity for the
specified load, which does not necessarily mean they provide always the maximum energy output.
Obviously, equipment characteristics also affects system performance depending on the cell type, the
module type, and the BOS components.
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PV system performance can be expressed by five main parameters:

e Conversion efficiency;

e Energy yield;

e Solar installed capacity;
e Specific production;

e Performance ratio (PR).

These parameters are related but express different aspects of the overall performance. Loss factors
must also be considered.

Conversion Efficiency

The conversion efficiency is the ratio between the electrical power output, Py, , and the solar
irradiance received, I; , under specified operating conditions (equation 16).

_ Pmax (16)
I

Energy Yield

The energy yield is the output of a system, in other words, the produced energy. Three types of energy
yields can be defined: the final yield, the second yield, and the third yield.

The final yield or simply energy yield, Y, expresses the energy delivered to the load per unit capacity
of the system. In the case of a grid-connected system providing power directly to the grid rather than
to local loads, the final yield would be calculated using the energy to the grid.

The second yield, Y4, also known as array yield, is defined in a similar way as the final yield but using
the energy output from the PV array (before conversion to AC in the inverter). This gives a measure of
the performance of the array itself. Naturally, it is only possible to determine the array yield if there is
a measurement of the array output at the relevant point in the system.

The third yield or reference yield, Y,., represents the output of the system if there were no losses, i.e.,
in the ideal case.

Solar Installed Capacity

Solar installed capacity is the amount of energy a module can produce at its peak performance, such
as in the afternoon of a clear, sunny day. This parameter is rated by the manufacturer and calculated
by a standardized test (1000 W/m? of solar radiation at an ambient temperature of 25°C and a clear
sky). Itis given in kWp which is the commonly used unit to indicate the peak power capability of a solar
module.
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Specific Production

The specific production expresses the relation between the produced energy (energy yield) and the
solar installed capacity, i.e., it represents the amount of energy (kWh) produced for each kWp.

Performance ratio (PR)

As discussed, the performance of a system and its efficiency depends on module choice. In turn, the
final yield relies mainly on the solar irradiation received. The lack of some benchmark of efficiency or
yield for each system makes it difficult to determine performance quality. In this sense, the
Performance Ratio (PR) takes into account both system design and solar irradiation by comparing the
final yield of the system with its reference yield. It is the ratio between the effectively produced energy
and the energy which would be produced if the system was continuously working at its nominal
Standard Test Conditions (STC) efficiency. It is a useful tool to compare performance quality between
different systems. PR is expressed by equation 17.

pR=2 (17)

Y,

The PR is a widely used parameter that compares the actual yield attained by a system to the yield in
the ideal case. This translates into a measure of the overall losses, and hence the quality, of the system.

In practice, the determination of PR requires only the measurement of energy output from the system
and the solar irradiation received by the PV array over the defined period, together with knowledge of
the nominal rating of the system.

Loss factors
The typical loss factors for grid-connected PV systems include:

e Module operating temperature;

e Angle of solar radiation incidence (depending on module orientation and solar position);

e Low light levels (below 100 W/m?);

e Module mismatch (typical when modules with different operating characteristics are
electrically connected);

e Shading (results both in a loss of output and increased mismatch between shaded and
unshaded modules);

e Dirt orice/snow accumulation;

e  MPP tracking losses;

e Inverter efficiency;

e Cabling losses.
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2.2.5 THE ECONOMICS OF PV SYSTEMS

The economics of PV systems is fundamentally different from that of traditional energy generation,
namely, fossil fuel. In the latter, it is easy to measure the actual cost to generate electricity based on
the price of fuel, the efficiency of the generating unit, the operating costs, and the depreciation of the
facility.

On the contrary, for PV systems, the cost of electricity depends on a forecast of the future, since in
essence the electricity is being paid for upfront in the higher capital cost of the system. Because there
is no fuel involved, and the operating costs are relatively low, the purchase price must be amortized
across the asset’s useful life in order to derive an average cost of electricity.

The widespread global deployment of PV systems is contingent on reducing the cost of generated
electricity to levels that make systems economically competitive without incentives, this is a milestone
also referred to as solar “grid-parity” [16].

Payback Time

Payback time can be defined as the amount of time required to recover the cost of an investment [16].
It can be calculated by equations 18 and 19.

initial investment [€] (18)

back ti =
payback time [years] annual return [€/year]

where

annual return [€/year] = produced energy [kWh/year] X energy price [€/kWh] (19)

The initial investment comprises the initial costs of the PV system, while the annual return expresses
the relation between energy production (produced energy) and its price per kWh (energy price).

Payback time is therefore strongly influenced by:

e Annual solar radiation: in general, we can say that the sunnier the location, the greater the PV

yield and the shorter the payback time;
e Grid electricity costs: the higher these costs, the shorter the payback time;

e |nitial costs of the PV system.
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Levelized Cost of Electricity (LCOE)

The Levelized Cost Of Electricity (LCOE) is the most commonly referenced parameter of PV system
economics. Essentially, it gives a levelized (average) cost per kWh of electricity produced over the life
of the asset. The LCOE can be used to compare alternative technologies with different scales of
operation, investment, or operating time periods. It is calculated using the equation 20.

Total Life Cycle Cost [€]

LCOE =
COE [€/kWh] Total Lifetime Energy Production [kWh]

(20)

The LCOE is influenced by five key high-level drivers listed in Figure 18:

e Cost of Capital;

e System Life / Residual Value;
e Plant Energy Production;

e Annual Operating Costs;

e PV System Cost.

Under these five categories dozens of variables influence LCOE (Figure 21), and each can have a
material influence on system economics.

Cost of
capital

Site specific | PV basic
costs plant cost

Financing
terms

Development
cosls
I

PV power Balance of
black basic plant

Predictability

of cash flow

Mounting
ake ris system type
(— {fixed or
log, tracking) &

GCR u

Fig. 21 - PV LCOE drivers [16]
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PV System Cost

The first major LCOE driver is PV system initial cost. The primary focus of PV technology development
and innovation during the past three decades has been to reduce this factor. The steady decline of
module and balance of system (BOS) costs is a result of this effort.

PV system costs also depend on further considerations such as site-specific costs. These may include
foundations, roof repair work, road building, fencing, etc. Development costs which include site
acquisition, engineering studies, permits, project financing, and interconnection costs are also site-
specific.

Table 2 gives a simplified view of what a large (10 MW+) system cost in 2008, its cost in 2015, and a
simplified projection for 2025.

Table 2 - Simplified PV system costs, 2008, 2015 and 2025 [16]

Generic PV System Costs ($/Wp) @ 10 MW + Project Size

2025

2008* 201 5%* Estimate®**
PV module price $ 4.02 $ 0.55 $ 041
Balance of system (power block & construction) $ 1.77 $ 0.68 $ 0.50
Interconnection costs $ 0.07 $ 0.06 $ 0.05
Development costs $ 0.06 $ 0.04 $ 0.03
Total system price $ 5.92 $ 1.33 $ 0.99
% of 2008 baseline 100% 22% 17%

*Deutsche Bank, January 2011 Report; also consistent with SunPower projects at that time
*#Cost for a generic fixed tilt system built in 2015 with commodity modules in a moderate or low
labor cost country — estimate by the author based on project experience

*#%FEgtimate based on an extrapolation of 2015 system costs and applying a simple 3% annual
improvement rate through experience curve effects

1 USD ($) = 0.88 EUR (€) (verified in 18/02/2022)

As can be observed, PV system costs have fallen considerably, largely due to PV module price reduction
but also seen across almost all the other system components.

System Energy Production

The second key driver of the LCOE in PV system economics is the system’s annual energy production.
Energy production (kWh) is frequently correlated with specific production (kWh/kWp). The kWh/kWp
is a function of:

e the amount of sunshine the project site receives in a year and the local weather (wind,
temperature, humidity);

e how the system is mounted and oriented (e.g., flat, fixed tilt, tracking, etc.);

e the spacing between PV panels as expressed in terms of system Ground Coverage Ratio (GCR),
more spacing reduces shading losses and improves yield but requires more space;
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e the energy harvest of the PV panel (e.g., performance sensitivity to high temperatures,
efficiency as affected by low or diffuse light, etc.);

e system losses from soiling, transformers, inverters, and wiring inefficiencies;

e system availability, largely driven by inverter reliability improvements.

Improved system performance plays a significant role on curtailing the LCOE: more energy directly
reduces the LCOE. PV system performance has improved over the past ten years due to a number of
factors, including: high levels of system availability, improvements in inverter efficiency, improvements
in cleaning, development of modules with improved temperature coefficient, and widespread
adoption of trackers for large power plants in high-sunshine markets.

In spite of the improvements on system performance, PV systems still experience an unavoidable
phenomenon: degradation. This traduces into a reduction of the energy yield. The durability of the
components exposed to environmental variables such as high temperature, moisture, wind, and UV
will influence the rate of average annual performance. Project investors consider annual degradation
rates from 0.25% to 2.00% per year [17] depending on the system, location, and technology type.
Annual degradation can have a major impact on system LCOE, since it represents an annual decrease
in energy production.

Cost of Capital

The cost of capital is the third major driver of the LCOE and is defined as the level of interest rate
required to finance a system. It is as important as system cost and its performance.

The average cost of financing a system is directly linked to the real and/or perceived risk of the asset.
The potential risks to investors in a PV power plant can be classified as:

e Off-take risk: represents the risk of the electricity from a plant being sold for a lower price
and/or volume than expected by project investors;

e Performance risk: stands for the risk that the system will not generate the expected energy
and/or achieve the operating costs in line with original project estimates, therefore reducing
expected cash flows;

e Property risks: these are the risks associated with property damage or theft, exchange rate,
and inflation.

As investor understanding of PV power plants has grown, the industry has seen a decrease in the
financing costs of PV systems.

System Life

The fourth key driver of PV system economics is a system’s operational life. Although PV power plants
are commonly designed to operate for around 20 years, studies have shown that there is no
fundamental barrier for a PV system to operate during more than 30 years.

Comparing the longevity advantage of other technologies, such as fossil fuel, hydro, or nuclear over
PV, the reality is that conventional power plants must contend with a much harsher operational
environment than PV. Steam generation units, industrial pollution, corrosion, and complicated
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mechanical systems that require constant maintenance are some examples of why conventional power
plants face larger operational hurdles than PV, yet continue to operate for more than 50 years [16]. In
contrast, PV systems have few moving parts and a much benevolent operating environment.

This leads to the conclusion that PV technology has the potential for a long economic life which
influences on a positive way a system’s LCOE.

Annual Operating Costs

The annual operating cost of a system is the fifth major contributor of PV system economics. It
includes:

e Operations and Maintenance (O&M) of the plant;
e Administrative costs, such as: tax reporting, property insurance, land lease (when applicable),
site security and property or revenue taxes that may apply.

Generally, annual operating costs of PV systems contribute less than 5% to a project’s LCOE. However,
given the substantial declines in PV system prices and cost of capital, they are becoming gradually
more important to manage and reduce.

2.3 Non-Conventional PV System Applications

There is no clear definition for what may be considered as conventional or non-conventional
applications solar PV technologies. In this thesis, the term conventional has been reserved for matured
and currently widely deployed applications, such as: PV fields, where solar modules are simply
disposed on-land in an equator-oriented direction; and Building-Attached Photovoltaic Systems
(BAPVs), which consist in the installation of PV modules on existing buildings.

This chapter focuses on the considered non-conventional PV applications, that is, the more recent and
less widespread technologies. These include:

e Building-Integrated PV Systems (BIPVs);

e PV systems alongside highways and railways;
e PV carports;

e PV bus-stop shelters;

e PV pavement;

e Solar bridges;

e Floating PV systems;

e Submerged PV systems;

e Agriphotovoltaic systems (APVs).

Of all these technologies, the installation of PV systems along highways and railways is the central area
of study in this dissertation.
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BUILDING-INTEGRATED PHOTOVOLTAIC SYSTEMS (BIPVS)

Building-Integrated Photovoltaic Systems (BIPVs) today are viewed as state-of-the-art systems that
offer innovative solutions for PV integration into buildings. They differ from Building-Attached
Photovoltaic Systems (BAPVs), which require additional components and materials to be mounted
onto existing surfaces. In addition, BIPV systems are aesthetically pleasing and generally prone to
follow the architectural flows of the building.

BIPVs are the result of integrating or combining building construction materials with photovoltaic solar
cells in order to make urban edification structures (buildings) power generators, therefore sustainable
[18, 19]. The building construction materials typically used in BIPV systems can be integrated in either
the fagade, walls, windows, curtains, or in roofs as tiles, shingles, and skylights. The main objective of
BIPVs is to achieve multifunctionality by integrating solar materials into existing building materials
while serving as a protective, sustainable, and aesthetically pleasing construction, as shown in Figure
22.

Ll TS

Fig. 22 - Glass ceiling with transparent BIPV modules [19]

By deploying solar energy harvesting technologies on all suitable rooftops, the EU could meet about
25% of its electricity consumption with clean energy. However, today only 10% of the EU’s rooftop
potential is used and BIPV represents about 3% of all the solar installed capacity in the EU. The first
BIPV system installed in Portugal was in Proenga-a-nova, Castelo Branco, in 2009. Despite currently
being a young innovation, BIPV systems have the potential to grow considerably in a near future.
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PV SYSTEMS ALONGSIDE HIGHWAYS AND RAILWAYS

Highways and railways represent a large area of most developed countries. These infrastructures hold
the advantages of general good solar exposure as well as high accessibility on the side slopes. This
implies that no additional construction is required to build access roads to PV systems.

There are various ways to implement PV systems alongside highways and railways, which can work as
on-grid technologies and/or off-grid to feed public lighting along highways/railways.

One way is to incorporate PV panels on the side slopes (Figure 23), according to solar orientation and
slope inclination. This is a relatively simple technology that only requires a strip of land parallel to the
highway or railway. Naturally, it works best on east-west oriented highways or railways as the solar
panels should face south to maximize their efficiency, on the north hemisphere.

Fig. 23 - PV modules alongside a highway slope [20]

Other technologies that can be used are Photovoltaic Noise Barriers (PVNBs), introduced for the first
time in Switzerland in 1989. These systems consist in the incorporation of PV panels on existing or
newly designed noise barriers. In either case, the noise barrier serves as a substructure for PV modules.

The literature on PVNBs, most of which is several years old, generally agrees that there is great
potential to use both existing and planned new noise barriers to produce solar power [20]. It is also
agreed upon that noise barriers can be designed in such a way that power production doesn’t
compromise their abilities to safely reduce noise, and in some cases may even improve their
performance. In many cases, sound absorption is not required for the noise barrier to achieve its
intended acoustical purpose. In fact, materials such as solid concrete, wood, or metal do not provide
sound absorption, and PV modules are acoustically no less satisfactory.

There are various types PVNB configurations, as shown on Figure 24, being top-mounted retrofit
designs the most common. They provide additional area to an existing noise barrier structure.
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Fig. 24 - Different Possible PVNB Configurations [20]

A PVNB is most appropriately located along a highway or railway nearby a densely populated area for
a number of reasons.

Firstly, noise barriers are generally more needed in these locations because of the number of local
residents which can be affected by the noise.

Secondly, in a crowded area there is not much room available to install conventional PV systems and
this makes sound barriers an interesting alternative to mount PV panels on. Although there might be
a considerable area of rooftops, there are many specific issues regarding the integration of PV systems
in roof structures. The roof tilt angle can influence the efficiency of the panels, structural roof
characteristics are not always ideally suited for the installation of solar panels, and the use of roof
space for other applications such as HVAC installations or roof terraces should be taken into account.
It is also possible that residents do not agree with the installation of solar panels on their roofs, due to
concerns about economic and financial risks or aesthetic matters.

Finally, when energy supply systems, in this case PVNBs, are located in densely populated areas (near
to the consumer), this translates in decentralized electricity generation. This brings certain advantages,
such as: reduced energy transportation costs, savings in primary energy consumption, and emission
reduction of CO; and other pollutants [21].

Road orientation dictates noise barrier orientation, hence it will also affect PVNBs orientation and
therefore its efficiency. East-west oriented roads were initially viewed as the only roads suitable for
PNVBs, but the emergence of bifacial panel technology (Figure 25) has presented a potentially
attractive option given their ability to produce electricity in any orientation - particularly on north-
south oriented highways [20]. Bifacial PNVBs were first installed in a highway setting in Aubrugg, near
Zirich Airport in Switzerland in 1997. The system was later expanded in 2005, and several others have
been constructed since then.
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Fig. 25 - Bifacial PNVBs allow light to enter from both sides [20]

In terms of driver safety, there is little to no evidence to date that PVNBs significantly affect it. Driver
distraction and glare can be minimized by locating the PV modules high on noise barriers and/or set
back from the roadway, and by ensuring that the panels are at proper angles to minimize glare [20].
Studies have reported that PVNBs with a vertical design, such as the Australian PVNB, do not enhance
glare. Moreover, solar panels are designed to absorb light, rather than to reflect it.

The advantages of PVNBs have turned these systems into a growing phenomenon. Since 1989, when
the Swiss first retrofitted a highway noise barrier with PV modules, PVNBs have been deployed in at
least 14 countries (Table 3) and are planned in others.

Table 3 - Compiled Highway PVNB Counts [20]

Country Earliest Count
Implementation (at least)
Australia 2007 2
Austria 1992 3
Croatia 2010 1
Denmark 1991 2
France 1999 2
Italy 2006 2
Germany 1992 18
The Netherlands ? 1995 4
Slovenia 2012 1
Sweden 2014 1
Switzerland 1989 9
United Kingdom (U.K.) 2006 3

* Confirmed by available documentation;
planned not included
2 Includes luminescent solar concentrator pilot
Sources!?

Apart from PVNB systems, there is another way to implement PV modules alongside highways and
railways which is using a land above type of approach: a PV roof structure (canopy) on top of the
highway/railway, schematically represented in Figure 26. The Austrian Institute of Technology, the
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Fraunhofer ISE in Germany, and the Forster Industrietechnik in Switzerland are currently working
together to develop this kind of technology.

A PV highway canopy may have many advantages in terms of energy efficiency, such as improved
vehicle movement and minimum energy destinated for air conditioning of vehicles (as it creates
shade). It also helps prevent road detrition, allowing road repairs to be less frequent, and provides
longer vehicle tire life due to the effect of sun shade.

Photovoltaic
panels \

(Road side

plantation
Width of roofover | | space
the road = 7m (for 2 X

lane road) on
Ahmedabad- Rajkot &
10m (2 lane + service
road) on Ahmedabad
—Vadodara road Y,
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| road= >S.SmJ

X

Fig. 26 - Schematic layout of a PV roof structure over a roadway [22]

Although this type of structure may have some advantages, it may pose some concerns in terms of
proper implementation. Setting the solar panels at an elevated location (about 9 to 10m above the
ground) may be quite challenging and it is very important to firmly fix the structure at a ground base
level as it may be vulnerable to heavy winds. Dust and smoke particles may also pose a problem due
to the movement of the vehicles (which can also happen to PVNBs). Nevertheless, highways/railways
are generally wide and much cleaner than roads and it is proven that rain can be very effective on
cleaning the PV modules.

Thus, although there are a few matters to be considered, disadvantages can be undertaken with proper
planning.

PV CARPORTS

Similarly to the roof-over-highway technology, PV carports like the one in Figure 27 are an efficient
way to generate clean energy. This type of system is much simpler and can also work as an on-grid
and/or off-grid technology to feed public lighting but also to charge parked electric cars.
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Fig. 27 - Solar carport [23]

Nowadays, PV carports can be found in various different countries around the world, including
Portugal.

PV BUS STOP SHELTERS

Bus stop shelters can also serve as a means of clean energy generation. There are countless of these
structures on any country and they can work in the same way as the parking canopies.

Bus shelters can even be used as an off-grid technology to charge peoples’ phones while they wait for
the bus, or even spare some electricity for power heaters inside the shelter in cold countries. Figure
28 shows a PV bus stop shelter in Zagreb, Croatia.

This type of technology is one of the most simple and useful non-conventional ways to generate power
using PV modules.

Fig. 284 - Solar PV bus stop shelter in Zagreb, Croatia
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PV PAVEMENT

Transportation systems use 20—25% of the world’s total energy production and are one of the prime
sources of CO; emission. There is increasing demand to compensate for this environmental damage
[24].

As pavement has covered 30-40% of the urban surface [25], there is a notable potential behind PV
pavement integration. PV pavement can be primarily used for electricity production in metropolitan
environments but has also shown positive impact on mitigating heat islands*. It was also found that
PV pavement has 8K lower surface temperatures than conventional pavement, which decreases the
ambient temperature by 0.8K [26].

The drawbacks of PV pavements have been widely discussed and include two major issues: the high
operating temperature of solar cells, which leads to the deficiency of its power generation, and the
low the satisfaction on strength requirements.

At certain conditions of solar intensity, [ *** US

the efficiency of solar crystalline silicon (a)
cells in terms of power generation has .

been reported to decrease with the | 212  Canada /"“‘“‘W""‘*""

increase of its temperature [27]. The X e won g L
output power and the conversion [ 2014  Canada s Lo
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every 1°C temperature rise [28]. This is a

(c)
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roads/pavements are shown in Figure 29.
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Fig. 29 - Time axis of the research on PV pavement structure [27]

*An Urban Heat Island, or UHI, is a metropolitan area that's a lot warmer than the rural areas surrounding it.
Heat is created by energy from all the people, cars, buses, and trains in big cities like New York, Paris, and London.
Urban heat islands are created in areas like these: places that have lots of activity and lots of people.
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Several conclusions are drawn based on these studies:

= there are still unsolved conflicts between the electrical and mechanical performance;

= the effects of PV cell operating temperature on the power generation efficiency should be
more emphasised;

= standardised structural design of PV pavements and methods on connecting the unit
structures should be proposed;

= material specification of PV pavements should be able for further discussion.

It is, therefore, clear that research on PV pavements is still at its early age and requires overall
improvement.

Besides the technical issues enumerated above, there can be listed some commercial
accomplishments, as shown in Table 4.

Table 4 - Commercial achievements of PV pavement [29]

Time/Country

Picture

Details

2014 The world’s first PV car park;
U.s. It was designed by Brusaw couple;
Hexagonal solar panel.
2014 The world’s first PV bicycle lane;
Holland Scale: 70 m-long;
(Krommenie) Rectangular PV plate;
Structure: tempered glass plate + PV cell + concrete plate.
2016 The world’s first PV road ‘Wattway';
Franch Scale: 1 km-long, 2,800 km%
(Normandy) Rectangular PV plate;
Structure: silicon resin coating + PV cell + polymer and gum plate
2016 Experimental road;
China Scale: 70 m-long.
(Beijing)
2016 Thin-membrane flexible PV pavement;

Belgium, Holland

It was developed by Hanergy Group;
Demonstration bicycle lane sections;

2017 “Sun No.1" PV road section;
China It was laid by Zhejiang Lanting Solar Energy Corporation;
(Zhejiang)
2017 The world’s first PV highway;
China It was constructed by Qilu Group and Shandong Guangshi Energy Corporation;
(Shandong) It can carry heavy load.
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Based on the available research and development on PV roads/pavements, several limitations are
found and concluded as below:

1) Effective power generation of PV cells is low while it is still costly;

2) PV pavements cannot obtain full solar radiation due to shadow and blocking effects from the existing
adjacent buildings, car movement, and walking pedestrians;

3) The mechanical properties of PV pavement structure may not meet full requirement;

4) High operating temperature of the PV cell is the main problem occurred in the block structures of
PV pavement, which further reduces the power generation efficiency [27].

PV pavement is thus a very recent technology and there are still lots of improvements to be made.
Nonetheless, it has proven its potential.

SOLAR BRIDGES

Solar bridges can be implemented in a very similar way as the PV systems alongside highways and
railways by installing a PV roof and/or a vertical PV structure on the bridge.

London is home to the world’s largest solar bridge, shown in Figure 30. Thanks to it, Blackfriars rail
station secures half its power from the 4,400 roof-mounted solar panels. The bridge was originally built
in 1886 but has now been upgraded by the London rail network.

Fig. 30 - London’s solar-powered bridge [30]
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FLOATING PV SYSTEMS

In Floating Solar Photovoltaics (FSPVs), the PV modules are designed and installed to float on water
bodies such as: reservoirs, hydroelectric dams, industrial ponds, water treatment ponds, mining ponds,
lakes, and lagoons.

In FSPV systems, solar panels, inverters, and cables are mounted upon a pontoon-based floating
platform, and the floating structure is anchored and moored (Figure 31) [14].

Transmission *
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and grounded)
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—— Mooring lines ———>
~~———— Anchoring //

Fig. 31 - Schematic representation of a typical large-scale floating PV system with its key components [31]
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Floating PV systems are conceptually very similar to conventional solar parks, with the particularity of
being deployed on water bodies as oppose to on land. There are countless water bodies throughout
the world and this technology solves in a sense the big geographic problem associated with PV systems.

FSPV systems are also known for the following benefits:

= |Improved energy yield performance: The evaporative cooling effect of water results in lower
operating temperatures of the PV modules [14];

=  Water evaporation control: FSPV causes shading of water surfaces. With floating solar, around
70% of the evaporation could be prevented which would in turn help in the retaining sufficient
amount of water in the canals and small river bodies [32];

= Restriction of algae growth: Since FSPV plants provide shade to the water surface, they reduce
the amount of sunlight reaching the water surface, which may cause a reduction in algae
growth [14]. This makes water less contaminated and helps in production of oxygen necessary
for the aquatic life in sustaining and minimizing the associated water treatment and labour
costs [14].
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Disadvantages of FSPV plants may include:

= Cost of installation: an on-water-type PV system is more expensive than, for instance, a
ground/roof top-based one. PV modules are exposed to high humidity levels so more care has
to be taken in selecting them. Also, in terms of maintenance, the algae that grow on the floats
and panels need to be removed,;

= Impact on the ecosystem: particularly in aquaculture, due to reduced sun light;

= Obstruction for marine activities, such as boats;

The first floating PV system was deployed in the year 2008 in California with a 175 kW peak capacity.
Since then, FSPV technology has been growing and is considered nowadays to be nearly mature.

China has the world’s biggest FSPV plant of 150 MW capacity installed at Huainan, south Anhui
province. Most of the FSPV plants in China are installed at unused mining ponds [32]. However, in
terms of total numbers of installation, Japan is a leading country: it is home to 73 of the world’s 100
largest FSPV plants.

The First-ever hydropower-connected floating solar operation was deployed in Montalegre, Portugal.
In terms of global investment cost for floating solar PV plants, Portugal is well positioned, as shown in

Figure 32.
T/ Wp
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UK - 0.2 MWp Sheeplands (2014) I I 71 .Dtl'; I I .
Japan - 2 MWp Shiroishi Saga (2015) 196.47
Portugal - 0.2 MWp EDP Hydro (2016)
China - 20 MWp Anhui Xinyi (2016)
UK - 6.3 MWp Queen Elizabeth Il (2016) 81.08
India - 2 MW Visakhapatnam (2016) | 54.00
Japan -2.4 MWp Noma lke (2017) 1 198.62
Japan - 1.5 MWp Mita Kannabe (2017) = 198.62
India - 0.5 MWp Kerala (2017) | 192.52
China - 40 MWp Anhui Sungrow (2017) j— 76 60
India - 3 MW Visakhapatnam (3MW) (2017) | 49.00
India - 4 MW Tirupati (2018) —— 3235
Japan - 13.7 MWp Yamakura Dam (2018) | 67.99
India - 2 MWp Andhra Pradesh (2018) —— 443
China - 150 MWp Three Gorges (2018) 1 69.39
India - 5 MWp West Bengal auction lowest price. | 58.17
India - 10 MW Kerala (2018) | 40,60
India-22 MW Kayamkulam phase | (2018) | 39
India -70 MW Kayamkulam phase Il (2018) | 35

Fig. 32 - Global investment cost for floating solar PV plants [32]

1 YEN (¥) = 0.0076 EUR (€) (verified in 18/02/2022)
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SUBMERGED PV SYSTEMS

The utilization of water as the operating ambient for PV arrays has come a step further when
researchers developed the first submerged PV system studies.

The integration of PV modules in a swimming pool was introduced with the least environmental
impact. Cleaning problems are mitigated and low operating temperatures are easily assured, resulting
in increased efficiency. Water also behaves as a filter that blocks the long-wavelength photons and
transmits lights within the visible spectrum, the optimum condition for PV cells [26].

In this concept, a part of the PV panels was installed on the pool edge and the others were positioned
on the pool floor, as shown in Figure 33. The modules can be easily integrated in existing swimming
pools and even contribute in an aesthetic point of view.

(b)

Fig. 33 - The concept of PV integration with swimming pools: (a) PV on the pool edge, and (b) PV on the pool
floor [33]

AGROPHOTOVOLTAIC SYSTEMS (APVs)

The idea of Agrophotovoltaic (APV) was first proposed by Goetzberger and Zastrow [34] in 1982 and it
consists in the coproduction of electricity using solar energy and agricultural products on the same
area. The proposed concept involves the installation of PV panels a couple of meters above the ground,
as shown in Figure 34. Nowadays, this technology is also known as an agrivoltaic.

Results from various studies confirmed that using APV systems increases land-use efficiency by raising
farm revenues more than 30%, but only if yield losses due to shading effects are kept down by a
selection of proper crops [35]. Additionally, the agrivoltaic systems decrease water evaporation rates,
ensuring that crops have more accessible water than crops cultivated in regular lands fully exposed to
sun, which results in stable crop yields [36, 37].
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(b)”

Fig. 34 - (a) APV system installed in Italy [38], and (b) APV facility installed above the potato farm (RESOLA
project), Heggelbach, Germany [35]

As an off-grid type of approach, numerous researchers have studied various applications of solar PV
systems in agricultural practices. Solar PV energy possesses huge potential to power agricultural
facilities and farm equipment, including: PV-powered water pumping and irrigation systems, PV-
powered desalination systems, PV-powered solar dryers, PV-powered greenhouses, PV-powered
livestock and dairy farming systems, PV-powered crop protection systems, etc. [39].
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3. CASE STUDY

The conducted study aims to evaluate the solar potential of non-conventional PV application sites
alongside highways and railways in the region of Maia, Portugal. This section gives an overview of the
methodology followed to collect the data and achieve the results of this work.

3.1 Area of Study

The selected area for this study (41,2°N 8,6°W) is situated in the northern coastline of Portugal and is
part of the Porto district, as shown in Figure 35. It covers the Maia County and some sections of other
neighbouring counties, namely Matosinhos and Valongo, totalling 489.32 km?.

~
Measure Features X

Planar ~ | |Metric
Result r‘i
Polygon Features
Area
Area (sqKm) Sum (sqKm)
489,32 489,32
Perimeter
Perimeter (m) Sum (m)

89 194,75

89 194,75

8,6035938°W 41,2416608°N v

1:226 024
Fig. 35 — Selected study area (ArcGlS)

The proposed area is characterized by a semi-urban environment with a significant number of
highways and railways with different orientations.

3.2 Site Selection

Within the delimitated region, various sites alongside highways and railways were identified according
to solar potential and feasibility to install solar modules. Solar potential was assessed in a preliminary
way by considering highway/railway orientation and the existence of tree/building shading. Feasibility
was appraised based on location access, visual impact, and structural viability (most sites comprise
pre-existing structures where it is easy to mount PV modules).
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Taking into account the referred criteria, the first approach to pinpoint these sites was by using a very
accessible and useful tool: Google Earth Pro. In total, 30 sites were selected, being 20 alongside
highways (blue pins) and 10 alongside railways (red pins), represented in Figure 36.

Specifications
Sound barrier
Slope

Toll

Sound barrier
Toll

Toll

Toll

Sound barrier
Sound barrier
10 (Tollgate

11 (Slope

12 (Bridge

13 |Sound barrier
14 Toll

15 |Tall

16  (Slope

17 |Slope

Sound barrier

W00 s o L s R e

Fig. 36 - Selected sites (Google Earth Pro) and their specifications (Table)

As specified in the table of Figure 36, 7 types of structures were selected, including: sound barriers,
slopes (alongside the highway/railway), electronic and non-electronic tolls (non-electronic: toll gate),
bridges, PV canopies (potential roof structures that can be built over the highway/railway to
accommodate PV modules), and a train station.

The following Google Earth images (Figures 37 to 66) display the 30 selected sites.

Fig. 39 — Site 3, toll Fig. 40 - Site 4, sound barrier
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Fig. 50 - Site 14, toll
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Fig. 65 - Site 29, PV canopy

After selection, the sites were carefully examined according to qualitative standards and compared
amongst each other. A primary group of 8 sites was identified as least favourable for PV module
installation and were thus excluded:

e Site 19 may potentiate glare and was considered not aesthetically tolerable given the fact it is
close to a residential area. It is also very prone to vandalism because of its easy access;

e Site 20 was considered for a PV canopy above the highway but there is too much tree shading
and housing nearby, which may suffer from the highway noise that can reflect on the modules
above and is amplified to the nearby homes;

e Sites 26 and 27 reveal an apparently small feasible area to install the modules compared to
the other locations;

e Site 30 was eliminated due to structural constraints. Although with good orientation, the train
station’s roof was considered too complex to install PV modules.

The remaining 25 sites were analysed using a Geographic Information System (GIS) and a simulation
software (PVsyst), which are explained in detail in the following chapter.
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4. MODELLING

4.1 ArcGIS Analysis

A Geographic Information System (GIS) is a system that creates, manages, analyses, and maps all types
of data. GIS connects data to a map, integrating location data (where things are) with all types of
descriptive information (what things are like). This provides a foundation for mapping and analysis that
is used in science and almost every industry. GIS helps users understand patterns, relationships, and
geographic context [40].

ArcGIS Pro software is the latest professional desktop GIS application developed by the Environmental
Systems Research Institute (ESRI) [40], which is the global market leader in geographic information
systems. It processes geographical data by organizing it into discrete georeferenced layers which are
displayed, combined, and analysed in common topographical space.

Before starting a project, it is important to define a key framework which assures the common ground
of analysis in the geographic scene — the coordinate system. This is a fundamental step in order to
guarantee correct and coherent relations between the layers.

The ArcGIS Pro 2.9 Geographic and Vertical Coordinate System Tables [41] were used as a guideline to
define the Geographic Coordinate System (GCS). Being the only Portuguese mainland coordinate
reference available, Cascais (GCS Name) was used both for xy and z coordinate systems, as shown in
Figures 67 and 68.

Map Properties: Map X

General . . . .
! Select the Coordinate System to view the available aptions.
Extent

} Current XY Details Current Z Details
Clip Layers
Metadata WGS 1984 Cascais
Coordinate Systems
Transformation - = pa
) ) XY Coordinate Systems Available Search » (SR
llumination
A
Labels Favorites
Color Management 4 Layers
4 | wis 1984
railways
roads
¥
[] Enable wrapping around the date line
Fig. 67 — XY Coordinate System (ArcGlIS)
Map Properties: Map X
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Clip Layers
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Coordinate Systems
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Z Coordinate Systems Available Search L
Labels % Cais da Pontinha - Funchal (height)

Color Management

Cais da Vila

Cais da Vila do Porto (height)
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) Cascais
|

Enable wrapping around the date line

Fig. 68 — Z Coordinate System (ArcGlIS)
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For this project, the main input layer was a Shuttle Radar Topography Mission (SRTM) data file from
NASA servers. The SRTM was an international research effort that obtained digital elevation models on
a near-global scale from 56°S to 60°N, to generate a complete high-resolution digital topographic
database of Earth. The elevation models are arranged into tiles, each covering one degree of latitude
and one degree of longitude, named according to their south western corners. N41W009 was the used
model in this work (Figure 69). It stretches from 41°N 9°W to 42°N 8°W.

oVigo
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) /
~ B8 X Y s /
Contents L 75 o
Y Search 2
= 8 &
VILA REAL
Drawing Order
A
4 || N41WO009.hgt (m) m
Value
1526
i
V] Basemap
v
12105010 - || B %5 B3 - WP 8,8456255°W 42,0651204°N

Fig. 69 - N4A1WO0089 layer (ArcGlIS)

Two other layers were used as input for a better understanding of the local geography, namely: the
roads and railways of Portugal (Figure 70). This data was obtained from Forest GIS database [42] and
can be observed in the figure below.
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Fig. 70 - N41WO0089, roads, and railways of Portugal layers (ArcGIS)
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As shown, the described layers go beyond the previously mentioned area of study. To minimize
computational effort, constraining methods were applied. Using the Polygon Tool, the shape of
interest was created (Figure 71) and the peripheral area was extracted from the raster dataset by
applying the Clip Raster from the Data Management toolbox. Figure 72 shows the outcome of this
process.
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Fig. 71 - N41WO0O089, roads, railway layers, and the polygon representative of the area of interest (ArcGlIS)
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Fig. 72 - Roads layer, railways layer, and N41WO0Q09 layer confined to the area of study (ArcGlIS)

Having the input data confined to the area of study, conditions are met to start analysing and modelling
an incident solar radiation outline of the geographic scene.
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Firstly, the Hillshade function was used. It produces a grayscale 3D representation of the terrain surface
taking into account the sun’s relative position for image shading. It is a qualitative topography method
and provides two options for hillshade generation: traditional, which calculates the hillshade using a
light source from one direction using altitude and azimuth to specify the sun's position; and
multidirectional, which combines illumination from multiple sources to represent the hillshaded
terrain.

Traditional Hillshade was used because the only light source that was considered was the direct sun
radiation. The location of the light source was set with an azimuth of 315°, which is from the northwest
(default), and an altitude degree of 45° above the horizon. The Z factor was set as 1. This parameter
adjusts the number of ground x,y units for each surface z unit. The resulting layer can be observed in
Figure 73.
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Fig. 73 - Hillshade layer overlapped by N41WO0089 layer with 40 % transparency (ArcGlIS)

After obtaining a representation of the terrain’s influence on light and shading, Area Solar Radiation
(Spatial Analyst) was applied. The solar radiation analysis tools calculate insolation across a landscape
or for specific locations, based on methods from the hemispherical viewshed algorithm developed by
Rich et al. (Rich 1990, Rich et al. 1994) and further developed by Fu and Rich (2000, 2002) [43]. The
total amount of radiation calculated for a particular area is given as global radiation.

Sky resolution was maintained as a default raster of 200 by 200 cells and time configuration as a whole
year with monthly intervals for calculations. The hour interval, which is used to calculate sky sectors
for the sun map, was set for 0.25 (15 min.) and the Z factor as 1. The number of azimuth directions
used when calculating the viewshed were 32 (considered adequate for complex topography). Zenith
and azimuth divisions (used to create the sky sectors in the sky map) were maintained 8 each (default).
The diffuse model type was Uniform overcast sky, in which incoming diffuse radiation is the same from
all sky directions, with a diffuse proportion (proportion of global normal radiation flux that is diffuse)
of 0.3 and transmissivity (fraction of radiation that passes through the atmosphere) of 0.5 (default for
clear sky conditions).
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The model of the incident global solar radiation over the course of one year in the area of study was
obtained and is shown in Figure 74.
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Fig. 74 - Solar Radiation layer (ArcGlIS)

Having a clear image of the annual incident global solar radiation in the area, the next step was to
evaluate the local incident solar radiation, that is, the incident solar radiation in each selected site. To

do that, the Polygon Tool was used once more and the designated locations were pinpointed and
drawn according to their individual shape (in blue), as shown in Figure 75.
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Fig. 75 - Sites of interest (ArcGIS)
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Figure 76 displays the annual incident global solar radiation overlapped by the layer containing the
sites of interest. This way it is possible to visualize each site’s solar potential.
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Fig. 76 - Sites of interest and solar radiation layer (ArcGlIS)

It is important to note that the obtained incident solar radiation has its main reference on the terrain,
i.e., it represents the global incident solar radiation on the ground. Thus, it does not consider trees,
buildings, or other structures. Therefore, in the case of noise barriers, for instance, the incident solar
radiation is a horizontal one. This issue will be treated in the next section, where PVsyst software is
explained in detail as it played a big role in module orientation analysis.

Table 5 shows each site’s specifications, location (latitude, longitude, and altitude), and an incident
solar radiation classification, derived from the ArcGIS results. This classification is based on the annual
average incident global horizontal solar radiation on each site and was established as follows:

e A: 2250 kWh/m? or more
e B: 1500 -2250 kWh/m?
e (C: 750-1500 kWh/m?

e D: 0-750 kWh/m?

As mentioned before, blue represents highway sites and red represents railway sites.
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Table 5 — Numbered sites and respective specification, location, and classification

Site | Specifications Latitude Longitude Altitude (m) | Classification
1 Sound barrier 41°14'26.62"N 8°38'33.84"W 70 A
2 Slope 41°14'24.95"N 8°38'29.31"W 65 A
3 Toll 41°14'22.03"N 8°38'15.76"W 76 B
4 Sound barrier 41°14'23.95"N 8°38'6.66"W 79 C
5 Toll 41°14'22.75"N 8°37'5.47"W 96 A
6 Toll 41°14'23.38"N 8°36'37.55"W 86 C
7 Toll 41°12'25.52"N 8°37'44.26"W 88 A
8 Sound barrier 41°12'20.55"N 8°37'29.79"W 67 C
9 Sound barrier 41°11'57.83"N 8°36'13.62"W 78 C
10 Toll gate 41°14'41.68"N 8°33'56.52"W 121 B
11 Slope 41°14'25.68"N 8°33'53.59"W 112 B
12 Bridge 41°14'27.62"N 8°33'40.73"W 181 B
13 Sound barrier 41°13'50.80"N 8°31'34.92"W 98 B
14 Toll 41°14'10.58"N 8°30'50.48"W 138 B
15 Toll 41°14'7.61"N 8°30'49.78"W 139 A
16 Slope 41°12'5.67"N 8°32'38.60"W 134 D
17 Slope 41°12'10.21"N 8°31'56.23"W 184 D
18 Sound barrier 41°11'48.90"N 8°29'47.33"W 148 B
21 PV canopy 41°14'17.45"N 8°39'29.87"W 75 D
22 PV canopy 41°13'58.88"N 8°39'23.76"W 63 C
23 Bridge 41°12'17.06"N 8°39'17.59"W 75 D
24 PV canopy 41°14'21.21"N 8°37'36.44"W 109 C
25 Bridge 41°13'45.00"N 8°37'35.59"W 89 D
28 PV canopy 41°13'44.66"N 8°33'6.55"W 97 A
29 PV canopy 41°13'18.16"N 8°32'48.97"W 102 C

Sites with D classification (16, 17, 21, 23 and 25) were discarded. The remaining 20 locations (1 to 15,
18, 22, 24, 28, and 29) were analysed in detail with the PVsyst software, explained in the following

section.
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4.2 PVsyst Simulation

PVsyst 7.2 is a PC software developed for the study, sizing, and data analysis of complete PV systems.
It deals with grid-connected, stand-alone, pumping and DC-grid (public transportation) PV systems,
and includes extensive meteorological and PV systems components databases, as well as general solar
energy tools [44]. This section gives an overview of the steps taken to execute the PVsyst simulation.

GENERAL PARAMETERS

When starting a project in PVsyst, it is important to define a few general parameters which remain
constant for all sub-projects in a particular region. These assure that the simulations are inherently
accurate and coherent amongst each other. General parameters include: albedo, reference
temperatures, and detailed losses.

Albedo values were set uniformly throughout the year with a value of 0.2, which is adequate for a
semi-urban environment.

Reference Temperatures
The design conditions, namely reference temperatures, were defined as follows:

e Lower temperature for absolute voltage limit: -10°C. This value represents the minimum
temperature that the systems may experience;

e Winter operating temperature: 10°C. This represents the mean winter ambient temperature;

e Usual operating temperature under 1000 W/m?: 15°C. This represents the mean ambient
temperature throughout the year;

e Summer operating temperature: 45°C. This represents the maximum temperature that the
systems may experience.

These are relatively conservative temperature values established after a careful analysis of the local
meteorological data in Porto (41.15°N 8.61°W) in the year 2021. This information was brought out by
Metoblue database [45].

Detailed losses
Detailed losses were specified as such:

e Limit overload loss for design: 3%. This represents the loss that may occur during the year due
to potential oversized PV array with respect to the inverter;
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e Loss fraction at STC (Standard Test Conditions): 1.5%. This represents the array ohmic wiring
losses between the power available from the modules and the power at the terminals of the
sub-array.

Additional defined losses are shown on Figure 77:
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Fig. 77 - Module quality, LID, and mismatch losses (PVsyst)

SITE-SPECIFIC PARAMETERS

Site-specific parameters are unique for each sub-project and are highly contingent on location. These
include: Meteorological data, orientation, shading, module choice, and inverter choice.

Meteorological data

Although the selected sites are relatively close to each other, it is important to gather meteorological
data for each location, in the same way as radiation data was with the GIS simulation. The collected
meteorological was obtained from Meteonorm 8.0 [10]. It includes monthly temperature values, sun
paths, as well as monthly radiation, which is later compared with the data obtained by ArcGIS.

Orientation

Orientation parameters, namely tilt and azimuth, are very site-dependant. The surface azimuth is an
intrinsic characteristic of the site and amongst the selected locations varied between -20° and 15° in
respect to south orientation. Sub-arrays were contemplated in some sites where more than one
surface azimuth angle was registered. Each array is associated to a certain orientation (tilt and
azimuth).
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Conversely, the tilt angle can be calculated and defined for optimal performance (the more
perpendicular a module is to the sun’s rays, the better). In general, literature agrees that the tilt angle
should not vary more than 10° from the local latitude value. That is, a PV module installed in a latitude
of 41°N should have a tilt angle between 31° for the summer and 51° for the winter.

PVsyst is very helpful for PV orientation design as it shows graphically the optimum tilt angle. Since the
latitude amongst sites varies no more than 0.1°, the tilt angle was defined as 35° for every site with
exception for PVNBs (PV noise barriers), which were set for 90°, and for determined slopes with a
particular inclination where the arrays were designed to lay on the ground.

Figure 78 shows an example of the PVsyst layout for orientation analysis on site number 3.
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Fig. 78 - Orientation analysis of site number 3 (PVsyst)

Shading

Shading analysis was done in a similar way as orientation analysis. In each location, PVNBs were
sufficiently far from each other (on each side of large highways) to not cause significant shading on
each other. Therefore, shading analysis on PVNBs was reserved for those where trees or buildings are
close. For the remaining sites, row spacing was calculated to avoid shadowing and nearby trees or
buildings were also considered when necessary.

To better understand shading influence, 3D models were built for every site except for 1, 2, 4, 8, and
18, which had no risk of shading. In each model, solstice simulations for 12 o’clock of 21/12/2021 were
computed in order to visualize the sun’s beams at this time of the year, since it is when the north
hemisphere experiences less daily sunlight (because the sun is low) and thus more shading impact. The
following image (Figure 79) shows an example of the computed 3D scene for site number 6. The
remaining 3D modules can be found in Appendix B.
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Fig. 79 - 3D shading model of site number 6 (PVsyst)
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Various manufactures and technologies are available to be chosen. In this thesis, all modules are
generic PV units with monocrystalline (Mono) silicon cells. Depending on the required total module
area for each site, three different types were considered. The characteristics of each module are
displayed in the table below (Table 6).

Table 6 — Module characteristics

Nominal
Number of 5 Max.
Power at Area (m?) | Voc (V) Vmpp (V) Isc (A) Impp (A) L
Cells Efficiency

STC (Wp)

250 60 1.627 37.40 30.70 8.63 8.14 15.36 %

300 60 1.627 37.90 31.50 9.90 9.52 18.45%

400 72 2.242 47.00 38.40 11.10 10.41 17.83%

Voc - Open circuit voltage
Vmpp - Max. power point voltage
Isc - Short-circuit current

Impp - Max. power point current

57



Inverter choice
To choose the most suitable inverter for each case the following aspects were considered:

o Peak power of the PV array: the maximum amount of DC power that the inverter can convert
to AC is usually lower than the maximum PV array power due to losses in the system before
the inverter. The output power limits the number of modules that can be connected to it;

e Voltage: since voltage is highly influenced by temperature, values must be checked for
extreme temperatures. The Vmpp (maximum power point voltage) has to be between the
inverter operating voltage limits and the Voc (open circuit voltage) needs to be lower than the
input maximum voltage;

e Current: the number of strings in parallel determines the output current. This current must
not exceed the maximum input current of the inverter.

Several types of inverters are available to be chosen. Table 7 shows characteristics of the chosen

inverters.
Table 7 — Inverter characteristics
Input side (DC PV array) Output side (AC grid)
Absolute Nominal
Power Max. PV Max. AC Max.
MPPT Max. PV AC .
Threshold current current | Frequency | Efficiency
Range (V) voltage Power
(W) (A) (A)
(V) (kWac)
60 150 - 750 900 38.0 7.5 20.0 50/60 Hz 98.50%
60 150 -750 900 38.0 9.0 20.0 50/60 Hz 98.50%
60 350 - 600 800 38.0 12.0 22.0 50/60 Hz 98.00%
200 450 -700 900 40.0 30.0 30.0 50 Hz 94.00%
297 500 — 1450 1500 88.0 60.0 48.0 50/60 Hz 98.50%
5000 320-700 1000 N/A 500 800 50 Hz 97.50%

The following table (Table 8) shows each site’s specifications, location, sub-arrays, orientation, as well
as the modules and inverters used. As mentioned before, blue represents sites alongside highways and
red represent sites alongside railways.
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Table 8 — Specifications, location, sub-arrays, orientation, modules, and inverters used in each site

Nbr.

Orientations

Nbr. of

Nbr. of

. L . . PV . Nbr. of
Site | Specifications Location of (Tilt / Module | Strings | Inverter
) Module Inverters
arrays | Azimuth) s
. 41°14'26.62"N Mono
1 | Sound barrier | \ 1 90/15° 96 6 30 kWac 1
8°38'33.84"W 400 Wp
41°14'24.95"N Mono
2 Slope oot N 1 45 /15° 2375 95 60 kWac 13
8°38'29.31"W 400 Wp
Mono
. . 35/-5° 144 12 9 kWac 3
41°14'22.03"N 250 Wp
3 Toll oo N 2
8°38'15.76"W Mono
35/-5° 144 12 9 kWac 3
250 Wp
. 41°14'23.95"N Mono
4 | Sound barrier | ___ 1 90/-10° 330 22 30 kWac 4
8°38'6.66"W 400 Wp
41°14'22.75"N Mono
5 Toll o 1 35/15° 144 12 | 9kwac 3
8°37'5.47"W 250 Wp
41°14'23.38"N Mono
6 Toll ot N 1 35/-10° 144 12 9 kWac 3
8°36'37.55"W 250 Wp
Mono
oam | 35/10° 144 12 9 kWac 3
41°12'25.52"N 250 Wp
7 Toll o . 2
8°37'44.26"W Mono
35/10° 144 12 9 kWac 3
250 Wp
Mono
o .\ 90/ 30° 680 34 30 kWac 6
. 41°12'20.55"N 300 Wp
8 | Sound barrier | ____. \ 2
8°37'29.79"W Mono
90/ 30° 600 30 30 kWac 6
300 Wp
Mono
90/ 10° 416 26 30 kWac 4
300 Wp
Mono
oat | 90/ 10° 140 7 30 kWac 1
. 41°11'57.83"N 300 Wp
9 | Sound barrier | __ N 4
8°36'13.62"W Mono
90/ 10° 480 24 30 kWac 4
300 Wp
Mono
90/ 10° 28 4 7.5 kWac 1
300 Wp
Mono
18 /-20° 400 20 30 kWac 4
250 Wp
Mono
oa | 35/-20° 108 12 7.5 kWac 3
41°14'41.68"N 250 Wp
10 Toll gate o N 4
8°33'56.52"W Mono
35/-20° 108 12 7.5 kWac 3
250 Wp
Mono
35/-20° 144 8 30 kWac 1
250 Wp
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Mono 500
35/0° 1456 112 1
400 Wp kWac
41°14'25.68"N Mono 500
11 Slope . 35/0° 1280 517 1
8°33'53.59"W 400 Wp kWac
Mono 500
35/0° 1890 126 2
400 Wp kWac
) 41°14'27.62"N Mono
12 Bridge 35/0° 80 4 9 kWac 2
8°33'40.73"W 300 Wp
Mono
90/-10° 126 7 30 kWac 1
300 Wp
Mono
90/ -15° 126 7 30 kWac 1
300 Wp
Mono
90/0° 240 12 30 kWac 2
300 Wp
) 41°13'50.80"N Mono
13 | Sound barrier 90/ 10° 160 8 30 kWac 2
8°31'34.92"W 300 Wp
Mono
90/ -10° 200 10 30 kWac 2
300 Wp
Mono
90/0° 200 10 30 kWac 2
300 Wp
Mono
90/ 10° 240 12 30 kWac 2
300 Wp
41°14'10.58"N Mono
14 Toll 35/0° 108 12 7.5 kWac 3
8°30'50.48"W 250 Wp
41°14'7.61"N Mono
15 Toll 35/-5° 108 12 7.5 kWac 3
8°30'49.78"W 250 Wp
Mono 500
90/0° 1700 85 1
300 Wp kWac
. |41°11'48.90"N Mono
18 | Sound barrier 90/ 0° 160 8 30 kWac 1
8°29'47.33"W 250 Wp
Mono
90/ 0° 800 40 30 kWac 6
300 Wp
Mono
35/-15° 252 14 30 kWac 2
41°13'58.88"N 300 Wp
22 PV canopy
8°39'23.76"W Mono
35/-15° 324 18 30 kWac 3
300 Wp
41°14'21.21"N Mono 500
24 PV canopy . \ 35/-15° 2090 209 2
8°37'36.44"W 400 Wp kWac
41°13'44.66"N Mono
28 PV canopy 35/0° 1148 82 12 kWac 22
8°33'6.55"W 300 Wp
41°13'18.16"N Mono 500
29 PV canopy 35/15° 1720 86 1
8°32'48.97"W 300 Wp kWac
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5. RESULTS AND DISCUSSION

The results obtained from the reported study are exposed and discussed in this chapter. Software

comparison is firstly presented and is followed by a detailed analysis of the simulation results. Finally,

a brief economic analysis is conducted.

5.1 ArcGIS and PVsyst Comparison

It is important to carry out a brief comparison between the two used softwares in terms of data

collection. ArcGIS and PVsyst are applied with different purposes, as it is known. However, in this study,
they shared the common ground of solar radiation data gathering.

ArcGIS results were already presented earlier in the study and served as a location assessment. In

essence, they confirmed the solar potential of the studied sites. On the other hand, PVsyst radiation

data, obtained via Meteonorm 8.0 [10], were used for calculations within system simulation. Radiation

data from each of these sources are compared in Table 9.

As mentioned in section 3.2, the ArcGIS classification used in this work was based on the annual

average incident global horizontal solar radiation on each site and was established as follows:

e A: 2250 kWh/m? or more
e B: 1500-2250 kWh/m?
e C: 750-1500 kWh/m?

e D: 0-750 kWh/m?

Blue represents highway sites and red represents railway sites.

Table 9 — Numbered sites and respective specification, location, and classification

. . ArcGIS PVsyst Global Horizontal
Site Location . .
Classification | Annual Radiation (kWh/m?2)

41°14'26.62"N

1 A 1596.1
8°38'33.84"W
41°14'24.95"N

2 A 1595.6
8°38'29.31"W
41°14'22.03"N

3 B 1595.7
8°38'15.76"W
41°14'23.95"N

4 C 1596.7
8°38'6.66"W
41°14'22.75"N

5 A 1597.3
8°37'5.47"W
41°14'23.38"N

6 C 1597.0
8°36'37.55"W
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41°12'25.52"N

7 A 1601.7
8°37'44.26"W
41°12'20.55"N

8 A 1599.8
8°37'29.79"W
41°11'57.83"N

9 C 1602.0
8°36'13.62"W
41°14'41.68"N

10 C 1596.8
8°33'56.52"W
41°14'25.68"N

11 B 1597.2
8°33'53.59"W
41°14'27.62"N

12 B 1597.2
8°33'40.73"W
41°13'50.80"N

13 B 1597.6
8°31'34.92"W
41°14'10.58"N

14 B 1594.8
8°30'50.48"W
41°14'7.61"N

15 A 1594.8
8°30'49.78"W
41°11'48.90"N

18 B 1597.3
8°29'47.33"W
41°13'58.88"N

22 C 1594.3
8°39'23.76"W
41°14'21.21"N

24 C 1597.1
8°37'36.44"W
41°13'44.66"N

28 A 1598.8
8°33'6.55"W
41°13'18.16"N

29 C 1599.0
8°32'48.97"W

At first sight, the results plainly differ. Yet if we take into consideration certain aspects, the presented
values can have a clearer explanation.

PVsyst gave rather constant values as oppose to ArcGIS. However, these values revolve around 1600
kWh/m?2. This corresponds closely to the 1500 kWh/m? limit between classifications B and C. Given the
strong and almost equal presence of these two classifications (6 sites with B classification and 7 sites
with C) it is reasonable to assume that most of ArcGIS radiation values may also be distributed around
the B and C limit, that is around 1500 kWh/m?. This way, results do not seem so diverse.

Nevertheless, some results are far from close. The 7 sites with A classification obtained from ArcGIS
have far different radiation values than the ones obtained from PVsyst.

The global horizontal incident radiation obtained from ArcGIS was mainly based on terrain/elevation
data and the results obtained from PVsyst were based on meteorological data, having more than 8000
weather stations around the world as well as 5 geostationary satellites. The following simulation
results were obtained with PVsyst software and using its’ radiation values.
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5.2 Simulation Results

In this section, simulation results are presented and discussed. Yearly recorded parameters, explained
in section 2.2.4, were documented for each site and are listed below:

e Module area;

e Produced energy;

e Specific production;

e System losses;

e PV conversion efficiency at STC;
e Performance ratio (PR).

The sites were grouped into structure type categories for better result comparison.

TOLLS
Table 10 shows the results obtained for PV toll applications.

Table 10 — Results of PV toll sites

Produced Specific System .
. Module ) PV Conversion
Site Area (m?) Energy Production Losses Efficiency at STC PR
(MWh) (kWh/kWp) | (kWh/kWp)

3 469 108.6 1508 29.2 15.36% 0.818

5 234 54.04 1501 29.2 15.36% 0.818

6 234 53.94 1498 29.2 15.36% 0.812

7 469 108.8 1511 29.2 15.36% 0.821
10 1236 262.5 1381 84.0 15.36% 0.768
14 176 40.54 1501 29.2 15.36% 0.815
15 176 40.53 1501 29.2 15.36% 0.816

Module Area

Module area is not quite an outcome of the PVsyst simulation, yet it is a very important parameter
that helps comprehend certain results of this study.

In the listed sites, module area is directly related with the number of tolls. Sites 3 and 7 have practically
double module area of 5 and 6 because they also comprise double the number of tolls (2 tolls as oppose
to 1 in each site). Site number 10 has a much bigger module area since even more structures were
considered. (2 electronic tolls, 1 toll gate, and a small toll office).

Sites 14 and 15 have far less module area because the individual tolls are located in a north-south
oriented highway. Since tolls are not squared shape (length is numerically different from width), the
modaule layout is different according to highway orientation, and so is module area.
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Produced Energy

The produced energy is directly related to module area, hence the results of these two parameters are
very much in accordance. Slight differences amongst equal module area sites are registered only due
to near shadings. Sites 5 and 6, for example, are identical in terms of module area and very similar in
terms of what is considered favourable orientation (15° and -10° surface azimuth angles in relation to
south orientation respectively), but differ on the existence of near shadings. Site 6 has nearby trees
which were computed in the simulation and therefore offer small undesired shading. For this reason,
site 6 produces slightly less energy during the year than site 5.

Specific Production

Specific production follows a similar pattern to energy production, since it is the ratio between this
parameter and the solar installed capacity. After discussing the energy production outcome, it is easy
to understand the specific production’s results by simply analysing its’ denominator, i.e., the solar
installed capacity. This parameter depends fundamentally on module type and given that the listed
toll sites were set to use the same module type (Mono 250 Wp), specific production depends mainly
on its numerator, that is, energy production. This is why specific production is registered to be much
in accordance with the produced energy of each site. Numbers 14 and 15, for instance, reveal basically
the same value of MWh produced and virtually the same specific production.

System Losses

System losses are related to a number of factors, being inverter efficiency the most influential one.
The first 4 sites listed in Table X were projected to use inverters of the same type (9 kWac inverter) in
each system, as were sites 14 and 15 (7.5 kWac inverter).

On the other hand, site number 10 uses two types of inverters in its system (7.5 kWac and 30 kWac
inverters). This potentiates mismatch losses. Furthermore, 30 kWac inverters are the least efficient
inverters considered in this study (94.00% efficiency). Even though inverters are extremely efficient
components, their efficiency highly influences system losses.

Despite its vast module area, site 10 is also the most influenced by shading, which results both in a loss
of output and in an increased mismatch between shaded and unshaded modules. Hence the big system
loss difference between site 10 and the remaining locations.

Conversion Efficiency

Conversion efficiency is the percentage of electrical power that can be produced from the solar
irradiance received under standard test conditions (STC). This parameter depends on the utilized solar
modules. Since all toll sites used the same module type (Mono 250 Wp), the conversion efficiency was
verified equal in all cases.
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Performance Ratio (PR)

Performance ratio compares the actual produced energy with the energy which would be produced in
an ideal scenario, i.e., if a system was continuously working at its nominal STC. Essentially, the PR
depends only on the effectively produced energy and on the overall system losses. Since system losses
are the same for all the tabled sites, except for number 10, the PR analysis can be made by simply
examining the produced energy column: the more energy produced, the bigger the PR. This is true for
every site in the table. In addition, the system which experienced the most losses is also the one with
the smallest performance ratio, that is, site number 10.

SLOPES

The following table (Table 11) shows the results obtained for the PV systems applied in slopes
alongside highways.

Table 11 — Results of PV slope sites

Specific System .
: Module Produced . PV Conversion
Site Area (m?) | Energy (MWh) Production Losses Efficiency at STC PR
e (kWh/kWp) | (KWh/kWp) v
2 5324 1481 1559 29.2 17.83% 0.864
11 10371 2749 1485 113.15 17.83% 0.803

Module Area

Immediately, it is clear that the module area of each of these sites is completely different. Site 11 has
almost double the module area of site 2 and this is reflected especially on energy production.

Produced Energy

As expected, the energy produced in site 11 is much greater compared to site number 2. However, the
difference is not almost double, as it is with the area. It is slightly less. The energy produced in site 11
is approximately 1.86 times higher than the produced in site 2. This proves that energy production is
not only function of module area, since it is also highly influenced by system losses. Site 11 experiences
much higher system losses than site 2, so energy production in site 11 is high, but is not as high as
anticipated by simple module area analysis.

Specific Production

Despite the difference in produced energy, the specific production of site 2 is actually larger than site
11. Specific production is the ratio between the effectively produced energy and the solar installed
capacity, which depends essentially on PV module type. Since the two sites were equipped with the
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same module type (Mono 400 Wp), this means that the energy production played a big role in this
result. Proportionally, site 2 produced more effectively than site 11 so specific production was
registered greater in site 2.

System Losses

Site 11 experienced more system losses than site 2 because in the latter modules were designed to be
attached to the slope. The slope in site 2 has a 45° tilt angle which is fairly acceptable for PV modules
installed at the given latitude (approximately 41.2°N). Since the modules were intended to be directly
mounted onto the slope, they do not create shade between them.

Conversely, in site 11 the terrain is practically flat, so modules were projected with a 35° tilt and 3.5 m
distance between rows computed in the 3D shading scene. This distance was calculated to minimize
shading yet they still experience some row shading, depending on the time of the year and day. This is
why system losses in site 11 are higher than in site 2.

In any case, both sites experience system losses due to operation temperature, as can be seen in the
system loss diagrams of Appendix C.

Conversion Efficiency

As mentioned before, conversion efficiency depends on the efficiency of the used PV modules. In this
case, both sites were projected to use the same module type (Mono 400 Wp with 17.83% efficiency)
so conversion efficiency is equal.

Performance Ratio (PR)

The performance ratio depends on the effectively produced energy and on the overall system losses.
Despite high levels of energy production, site 11 also experienced very large system losses, as
explained. Consequently, its PR is lower than PR of site number 2.

BRIDGE

Table 12 shows the results obtained for the PV bridge system.

Table 12 — Results of PV bridge site

Specific System .
. Module Produced . PV Conversion
Site Area (m?) | Energy (MWh) Production Losses Efficiency at STC PR
c (kWh/kWp) | (KWh/kWp) v
12 130 37.39 1558 113.15 18.45% 0.842
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In terms of module area, this is the smallest simulated system. Nevertheless, the produced energy is
quite reasonable, mainly due to good orientation (35° tilt and 0° surface azimuth).

Specific production is rather high largely because of the powerful PV modules used (Mono 300 Wp),
which ensure a good solar installed capacity.

In spite the good specific production result, system losses are evident mainly due to operating
temperatures and small shadings between modules. These losses are detailly presented in the system
loss diagrams, Appendix C.

PV conversion efficiency is effectively high due to the quality of the utilized modules (Mono 300 Wp).

Finally, the performance ratio is good despite the verified losses. This was due to the solid energy
production result.

SOUND BARRIERS

The following table (Table 13) shows the results obtained for the PVNBs (PV noise barriers).

Table 13 — Results of PVNB sites

Produced Specific System .
. Module ) PV Conversion
Site Area (m?) Energy Production Losses Efficiency at STC PR
(MWh) (kWh/kWp) | (kWh/kWp)
1 215 38.17 994 80.3 17.83% 0.814
4 740 130.9 992 80.3 17.83% 0.812
8 2082 384.6 1002 83.95 18.45% 0.816
9 1731 294.6 923 76.65 18.45% 0.756
18 4328 804.9 1019 29.2 18.26% 0.836

Module Area

The module area of the listed locations varies significantly because of the different extension and hight
of each sound barrier site. This is reflected directly on the produced energy.

Produced Energy

As mentioned, produced energy depends highly on module area. Site 18 has more than 20 times bigger
module area than site 1. In the same way, the energy produced by site 18 is also more than 20 times
larger.
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Specific Production

Despite the big differences on module area and produced energy amongst the sites, specific
production results are rather similar, around 1000 kWh/kWp. As known, specific production
represents the ratio between the produced energy and the solar installed capacity, which depends on
the used solar modules.

The simulations computed for sites 8, 9, and 18 used Mono 300 Wp modules. Site 10 used some
additional Mono 250 Wp modules. For this reason, the solar installed capacity of these sites can be
considered rather similar. In this sense, the specific production is simply determined by energy
production. Amongst these three sites, number 18 shows the highest energy production, followed by
number 8 and lastly number 9. As can be observed, specific production follows the same rule.

On the other hand, sites 1 and 4 were designed to use Mono 400 Wp. These sites register the lowest
energy production in general. However, for their installed capacity, which is bigger than the remaining
sites, the produced energy is somewhat high. This explains why sites 1 and 4 show similar specific
production values to sites 8, 9, and 10, even though these sites had much higher energy production.

System Losses

System losses are related to a number of aspects. Firstly, the angle of solar radiation incidence. In the
case of these noise barriers, this angle is quite unfavourable given that modules were projected to be
attached to the walls of the noise barriers, that is, with a 90° tilt. This explains common losses amongst
the listed sites.

Furthermore, the surface azimuth also influences solar radiation incidence and consequently system
losses. The less south-oriented site is number 8 with a surface azimuth of 30°, therefore it is also the
site where more system losses are experienced. Conversely, site 18 is the best oriented one with a
surface azimuth of 0°, which explains its overall small losses.

Despite the high efficiency of inverters in general, inverter efficiency deeply influences system losses.
All the listed locations were projected to use 30 kWac inverters. From the listed types of inverters
considered in this work, this one is the least efficient, with 94.00% max. efficiency. Sites 9 and 18 used
additional more efficient inverters: 7.5 kWac with 98.50% efficiency and 500 kWac with 97.50%,
respectively. This clarifies why sites 1, 4, and 8 had higher losses than sites 9 and 18.

In turn, site 9 shows more losses than 18 due to nearby trees and building shadings, which were
considered in its 3D model.

Conversion Efficiency

Conversion efficiency depends entirely on the utilized solar modules. Sites 1 and 4 used Mono 400 Wp
modules with 17.83% efficiency, while sites 8, 9, and 10 used Mono 300 Wp modules with 18.45%
efficiency. Site 10 used some additional Mono 250 Wp modules with a lower efficiency. This is why
sites 8 and 9, which used more efficient modules, registered better conversion efficiency values than
the remaining sites.
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Performance Ratio (PR)

The PR depends on the effectively produced energy and on the overall system losses. Site 18
experienced by far the lowest system losses and the most produced energy, therefore it presents the

highest PR.

On the other hand, site 8, which registered the largest system losses, has the second highest PR value
in the table. However, since the PR evaluates a system’s quality and highly depends on energy output,
the efficiency of the models highly influences this parameter. As mentioned before, sites 8 and 9 were
equipped with the more efficient models (Mono 300 Wp with 18.45%). Given that site 8 had more
energy production, it presents also a higher PR.

Site 9 registers the lowest PR possibly due to shading, since this site had many trees and houses nearby.
Shading blocks part of the solar irradiation received which significantly reduces the systems’ output,

therefore lowering its’ PR.

PV CANOPIES

Table 14 shows the results obtained for the PV canopy systems applied in railways.

Table 14 — Results of PV canopy sites

Produced Specific System .
. Module ) PV Conversion
Site Area (m?) Energy Production Losses Efficiency at STC PR
(MWh) (kWh/kWp) | (kWh/kWp) U
22 937 247.9 1434 109.5 18.45% 0.783
24 4685 1227 1468 29.2 17.83% 0.799
28 1868 517.2 1502 113.15 18.45% 0.811
29 2798 771.8 1496 29.2 18.45% 0.814

Module Area

Once again, module area differs quite substantially between sites. Site 24 has exactly 5 times the

module area of site 22.

Produced Energy

As it is known, the produced energy highly depends on module area and the two parameters are much

in accordance, as it was expected.
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Specific Production

Specific production is rather similar amongst the listed locations. As mentioned before, this parameter
represents the ratio between the produced energy and the solar installed capacity, which highly
depends on module type.

Sites 22, 28 and 29 were designed to use Mono 300 Wp modules. This means that the solar installed
capacity is fairly similar. Thus, what determines specific production in these sites is their energy
production. As observed, the more energy produced, the higher the specific production.

Conversely, the modules used in site 24 were Mono 400 Wp. This means that the solar installed
capacity in site 24 is higher than in the other locations. Even though this site registers the higher energy
production, it is not that high when compared to its installed capacity. That is why this site has lower
specific production than sites 28 and 29, even though these sites have lower energy production.

System Losses

System losses are most dependent on the type of inverter used, despite their overall high efficiency
when compared to other system components. Site 22 registered high system losses mainly because it
used the least efficient type of inverter from the list of inverters considered in this study: the 30 kWac
with an efficiency of 94.00%.

Site 28, however, registered the higher losses. Although the type of inverter used was very efficient
(12 kWac with 98.00% efficiency), its low threshold power (60 W) and MPPT range required the use of
lots of inverters to fulfil the systems’ necessities. 22 inverters were used in this site. This number of
inverters potentiates mismatch and wire losses.

Significant operation temperature losses were also identified in all four sites, as shown in the system
loss diagrams in Appendix C.

Conversion Efficiency

The conversion efficiency was overall good. This parameter depends exclusively on the utilized solar
modules. All tabled sites used Mono 300 Wp modules with 18.45% efficiency, with exception of site
24, which used Mono 400 Wp modules with 17.83% efficiency.

Performance Ratio (PR)

As mentioned earlier, the PR depends on the effectively produced energy and on the overall system
losses.

Sites 24 and 29 experienced the least system losses. Site 29 registered the highest PR even though it
was the second largest energy producer, after site 24. In turn, site 24 has the second lowest PR, despite
its” impressive energy production. This might be explained by near shadings (computed in the site’s 3D
model), which influence the solar irradiation received, which reduces the systems’ output. The lower
the output, the lower the PR.
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Although site 28 registered the highest system losses, site 22 (which also experienced high losses) is
the one with the lowest PR. This is simply clarified by observing site’s 22 energy production. It is by far
the lowest in the list.

5.3 Selection

After discussing the results, the sites were once more subjected to a selection. Since the PR is the
ultimate quality assessing parameter, the 5 sites with the lowest PR were excluded (9 to 11, 22, and
24).

The remaining 15 sites (1to 8, 12, 13, 14, 15, 18, 28, and 29) are economically analysed in the following
section.
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6. Economic Analysis

In this section, a brief economic analysis is explained. This serves as complement of the results
obtained earlier and helps point out the sites with not only better solar potential but also more
economically viable.

This analysis started with a price data gathering in regard to the components used in the simulations,
namely PV modules and inverters. As mentioned in section 3.3.2, generic components were used and
do not correspond to any particular type of brand or model. This way, the PV modules and inverters
used in the simulations were associated to real models, taking in consideration their specifications.
The specifications of the generic components used in the simulations are listed in section 3.3.2 and the
datasheets of the real models in Appendix D.

Thanks to this association, it was possible to set adequate market prices to the PV modules and
inverters used in the simulations. Table 15 shows the established correlations. Price information was
obtained via Europe Solar Store [46].

Table 15 — Correlations established between generic components used in the simulations, real component
models, and component prices

PV Modules
Generic PV Module .
. . Real PV Module Model Price per module
(used in simulations)
Mono 250 Wp Victron 260W-20V Poly 138.00 €
Mono 300 Wp LG MonoX Plus LG300S1C-A5 172.00 €
Mono 400 Wp SunPower SPR-MAX3-400 334.00 €
Inverters
Generic Inverter . .
o . Real Inverter Model Price per inverter
(used in simulations)
7.5 kWac Fronius Primo 8.2-1 1,381.00 €
9.0 kWac Solax X3-9.0-T 1,243.00 €
12.0 kWac Sungrow SG12RT 1,472.00 €
30.0 kWac GoodWe GW30K-MT 1,992.00 €
60.0 kWac GoodWe GW60KN-MT 2,968.00 €
500 kWac EFASOLAR 500 4,630.28 €

Using the notions of PV economics, it was possible to calculate the initial investment as well as estimate
the annual return and payback time for each site.

In this study, the initial investment accounts only for PV module and inverter costs. Other dismissed
incumbencies in this analysis include costs of capital and annual operating costs.
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The price of energy was considered to be 0.21 €/kWh, including taxes. This value was consulted in the
official website of EDP — Energias de Portugal [47].

The following table (Table 16) shows each site’s initial investment, annual return, and payback time.

Table 16 — Initial investment, annual return, and payback time for each site

Site Initial Annual Return Payback Time
Investment (€/year) (years)

1 34,056.00 € 8015.7 4.25
2 831,834.00 € 311010 2.67
3 47,202.00 € 22806 2.07
4 118,188.00 € 27489 4.30
5 23,601.00 € 11348.4 2.08
6 23,601.00 € 11327.4 2.08
7 47,202.00 € 22848 2.07
8 244,064.00 € 80766 3.02
12 16,246.00 € 7851.9 2.07
13 246,128.00 € 80703 3.05
14 19,047.00 € 8513.4 2.24
15 19,047.00 € 8511.3 2.24
18 470,654.28 € 169029 2.78
28 229,840.00 € 108612 2.12
29 300,470.28 € 162078 1.85

After careful observation of these results, it is possible to perform one final site selection. Since
payback time expresses the relation between the other two parameters, a few sites can be considered
less economically fitting, namely sites 1, 4, 8, 13, and 18, which present higher payback time. This way,
the 10 sites which can be considered as the ones with more solar potential and more economical
feasibility are: 2, 3,5,6,7, 12, 14, 15, 28, and 29.

The obtained economic results are obviously very optimistic given the considerations mentioned
before. Nevertheless, this brief economic analysis allows a different perspective on what one might
consider as suitable sites for non-conventional highway/railway PV applications.
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7. CONCLUSION AND FUTURE WORKS

The conducted study reached its primary objective of selecting the 10 sites for non-conventional
highway and railway grid-connected PV applications with the most solar potential and economic
viability out of the 30 initially proposed locations in the designated area.

Different subject fields were interconnected throughout this work. From the fundamentals of solar
technologies and PV systems to the non-conventional applications of those systems. From the
geographical data processing and analysis with ArcGIS software to the 3D model creation and PV
simulation with PVsyst software, as well as an economic overview. The collectiveness of knowledge
covered in this study allowed a wide and wholesome perspective on the latest PV technologies and
their integration on a semi-urban environment.

The final result represents a positive standpoint of non-conventional PV applications with one slope
site (2), six toll sites (3, 5, 6, 7, 14, 15), one bridge (12), and two PV canopies (28, 29) as the most
promising locations in the area both in solar potential and in economic feasibility.

From all the studied sites, the slope site (2) registered the uppermost PR value of 0.864 as well as a
paramount high electricity production of 1481 MWh, with rather low system losses. Therefore, it
proves to be the most promising of all sites in terms of electricity generation.

Clearly, toll sites also represent an excellent PV application and should be considered for practical
installation, since out of the 7 toll sites only one was discarded. Although considered for a grid-
connected implementation, this application may even be considered for charging electronic tolls with
solar power and the surplus energy production being delivered to the grid.

While not economically viable, most of the proposed PV noise barriers (1, 4, 8, 13, and 18) showed
great solar potential despite their unfavourable tilt angle of 90° compared to other applications. The
energy production results could have been even better if the considered area contained north-south
oriented highways with noise barriers. This way, bifacial modules could have been considered,
harnessing energy on one side during half of the day and on the other side during the other half of the
day, which would maximize energy production.

In this sense, future works may be considered both on the optimization of the PV noise barriers and
tolls as well as on the geographical expansion of this type of study. Portugal has indisputable potential
in terms of solar exposition when compared to other European countries. Moreover, it has an
extensive highway and railway network for its size. For these reasons, similar studies should be
furtherly considered on a national scale.

All in all, this study validates the potential of non-conventional grid-connected PV applications in
highways and railway with a few limitations, namely in the ArcGIS analysis section. Although the input
datais correct, it lacks on tree and building mapping, since it is purely based on terrain elevation (SRTM
data). This influences the subsequent incident solar radiation calculation results. The second major
limitation of this work is related to the economic analysis. As mentioned before, only module and
inverter costs were considered, which makes it a slightly narrow economic standpoint.

In conclusion, the present work demonstrates that the described PV applications can be not only
environmentally friendly and convenient for the selected location but also economically attractive.
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APPENDIX A — ArcGIS Global Radiation Calculation

Global radiation calculation

Global radiation (Globaliy) is calculated as the sum of direct (Dirygt) and diffuse (Difigt) radiation of all sun map and sky

map sectors, respactively.

Globaligr = Dirgey + Difiar

Direct solar radiation

Total direct insolation (Dirigt) for a given location is the sum of the direct insolation (Dirgg) from all sun map sectors:
Dirgee = £ Dirgq (1)

The direct insolation from the sun map sector (Dirgg) with a centroid at zenith angle (8) and azimuth angle (a) is calculated

using the following equation:

Dirg,a = Scenst * B™® * SunDurg . * SunGapg,. * cos(AngIng .) (2)

where:

Scanst — The solar flux cutside the atmosphere at the mean earth-sun distance, known as solar constant. The seclar
constant used in the analysis is 1367 mez. This is consistent with the World Radiation Center (WRC) solar constant.
B — The transmissivity of the atmosphere (averaged over all wavelengths) for the shortest path (in the direction of
the zenith).
m{B8) — The relative optical path length, measured as a proportion relative to the zenith path length (see equation 3
below).
SunDurgg — The time duration represented by the sky sector. For most sectors, it is equal to the day interval (for
example, a month) multiplied by the hour interval (for example, a half hour). For partial sectors (near the horizon), the
duration is calculated using spherical geometry.
SunGapgg — The gap fraction for the sun map sector.
AngIngg — The angle of incidence between the centroid of the sky sector and the axis normal to the surface (see
equation 4 below).

Relative optical length, m(@). is determined by the solar zenith angle and elevation above sea level. For zenith angles less

than 80®, it can be calculated using the following equation:
m(8) = EXP(-2.800118 * Elev - 1.638%18° * Elev’) / cos(8) (3)
where:
8 — The solar zenith angle.

Elev — The elevation above sea level in meters.

The effect of surface orientation is taken into account by multiplying by the cosine of the angle of incidence. Angle of
incidence (AngInSkys ) between the intercepting surface and a given sky sector with a centroid at zenith angle and azimuth

angle is calculated using the following equation:
Anglng,, = acos{ Cos{8) * Cos(G;) + 5in(6) * Sin(G;) * Cos{a-G,) ) (4)
where:
Gz — The surface zenith angle.

Mote that for zenith angles greater than 807, refraction is important.

Gz — The surface azimuth angle.
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APPENDIX B — 3D Shading Models (PVsyst)
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APPENDIX C — Loss Diagrams (PVsyst)
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Fig. C.2 — Loss diagram of site 2
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Fig. C.4 — Loss diagram of site 4



1597 kWh/m?

+14.8%
-4.38%
-2.64%
1708 kWh/m? * 234 m? coll.
efficiency at STC = 15.36%
61.4 MWh
55.1 MWh
54.0 MWh
54.0 MWh

\//

Global horizontal irradiation
Global incident in coll. plane

Near Shadings: irradiance loss

|AM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)

PV loss due to iradiance level
PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency),
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv, voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

1597 kWh/m?
+15.5%

-5.26%

-2.59%

1703 kWh/m? * 234 m? coll.

efficiency at STC = 15.36%

61.3 MWh

55.0 MWh

53.9 MWh
53.9 MWh

\/

Global horizontal irradiation
Global incident in coll. plane

Near Shadings: irradiance loss
|AM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)
PV loss due to irradiance level

PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP
Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

Fig. C.5 — Loss diagram of site 5

Fig. C.6 — Loss diagram of site 6

1602 kWh/m?

1713 KWh/m? * 469 m? coll.

efficiency at STC = 15.36%

123.3 MWh

110.9 MWh

108.8 MWh
108.8 MWh

Global horizontal irradiation
Global incident in coll. plane

Near Shadings: irradiance loss

|AM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)

PV loss due to irradiance level
PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

1600 kKWh/m*

1174 kWh/m? * 2082 m? coll.

efficiency at STC = 18.45%

451.0 MWh
416.7 MWh

M 0.00%
N 0.00%
M 0.00%
N -0.02%
M 0.00%

384.6 MWh

384.6 MWh

\ _ /

-23.29%

Global horizontal irradiation

Global incident in coll. plane
|AM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)
PV loss due to irradiance level
PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss
Array virtual energy at MPP

Inverter Loss during operation (efficiency)

Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

Fig. C.7 — Loss diagram of site 7

Fig. C.8 — Loss diagram of site 8
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1599 kKWh/m?

1077 kWhim® * 1731 m? coll,

efficiency at STC = 18.45%

344.0 MWh

319.0 MWh

294.6 MWh

294.6 MWh
“-\"-\___,_.—"’.“’

-23.61%

Global horizontal irradiation

Global incident in coll. plane

Near Shadings: irradiance loss

|AM factor en global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)
PV loss due to iradiance level
PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

1597 KWhim?
+12.6%
-7.04%
247%
1630 KWh/m? * 1236 m? coll.
efficiency at STC = 15.36%
309.5 MWh
278.4 MWh
N 0.00%
N 0.00%
N 0.00%
N -0.03%
N 0.00%
262.5 MWh
262.5 MWh

\/

Global horizontal irradiation
Global incident in coll. plane

Near Shadings: irradiance loss
|AM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)
PV loss due to iradiance level

PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)

Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

Fig. C.9 — Loss diagram of site 9

Fig. C.10 — Loss diagram

of site 10

1597 kWh/m?
+15.8%
6.22%
-2.00%
1701 KWh/m? * 10371 m? coll.
efficiency at STC = 17.83%
3145 MWh
-0.60%
-6.58%
+0.37%
-2.10%
-1.03%
2840 MWh
3.12%
N 0.00%
N 0.00%
N 0.00%
N -0.09%
N 0.00%
2749 MWh
2749 MWh

Global horizontal irradiation
Global incident in coll. plane

Near Shadings: irradiance loss

|AM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)
PV loss due to iradiance level

PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

1597 kWh/m*

1766 kWh/m? * 130 m? coll.

efficiency at STC = 18.45%

42.40 MWh

38.14 MWh

37.39 MWh
37.39 MWh

\//

Global horizontal irradiation
Global incident in coll. plane

Near Shadings: irradiance loss

IAM factor on global
Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)
PV loss due to irradiance level

PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

Fig. C.11 — Loss diagram of site 11
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Fig. C.12 — Loss diagram of site 12




1598 kWhim?

1158 kWhim? * 2102 m? coll.

efficiency at STC = 18.45%

449.3 MWh
416.5 MWh

4 0.00%
M 0.00%
4 0.00%
N -0.02%
4 0.00%

384.3 MWh

384.3 MWh

—

Global horizontal irradiation

Global incident in coll. plane

I1AM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)
PV loss due to iradiance level
PV loss due to lemperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss
Array virtual energy at MPP

Inverter Loss during operation (afficiency)

Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

1595 kWh/m?

1704 kWh/m? * 176 m? coll.

efficiency at STC = 15.36%

46.00 MWh
41.34 MWh
N 0.00%
N 0.00%
M 0.00%
N -0.03%
N 0.00%
40.54 MWh
40.54 MWh

\/

Global horizontal irradiation
Global incident in coll. plane

Near Shadings: irradiance loss

IAM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)

PV loss due to irradiance level
PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

Fig. C.13 — Loss diagram of site 13

Fig. C.14 — Loss diagram of site 14

1595 kWh/m*

+15.4%
-4.97%
-2.59%
1704 KWh/m? * 176 m? coll.
efficiency at STC = 15.36%
45.98 MWh
-067%
-7.31%
+0.75%
2.40%
1.03%
41.33 MWh
-1.90%
M 0.00%
N 0.00%
N 0.00%
N -0.03%
M 0.00%
40.53 MWh
40.53 MWh
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Global incident in coll. plane

Near Shadings: irradiance loss

|AM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)

PV loss due to irradiance level
PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

1597 kWh/m*

1154 KWh/m? * 4328 m? coll.

efficiency at STC = 18.26%

912 MWh

846 MWh

805 MWh
805 MWh

-23.68%

Global horizontal irradiation

Global incident in coll. plane

IAM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)

PV loss due to irradiance level
PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

Fig. C.15 — Loss diagram of site 15

Fig. C.16 — Loss diagram of site 18
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1594 KWh/m*

1713 kWhim? * 937 m? coll.

efficiency at STC = 18.45%

296.1 MWh
266.9 MWh

N-0.01%
1 0.00%
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N-0.01%
M 0.00%
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+14.8%
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Available Energy at Inverter Output
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1597 kWhim?

+15.1%

-6.82%

-1.93%

1680 kWh/m? * 4685 m* coll.

efficiency at STC = 17.83%

1403 MWh

1268 MWh
N 0.00%
M 0.00%
™ 0.00%
N-0.11%
N 0.00%

1227 MWh

1227 MWh

\/

Global horizontal irradiation
Global incident in coll. plane

Near Shadings: irradiance loss
IAM factor on global

Effective irradiation on collectors

PV conversion

Array nominal energy (at STC effic.)
PV loss due to irradiance level

PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
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Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

Fig. C.17 — Loss diagram of site 22

Fig. C.18 — Loss diagram of site 24

1599 kWh/m?

1709 kWh/m? * 1868 m* coll.

efficiency at STC = 18.45%

589 MWh
530 MWh

N -0.03%

N 0.00%

N 0.00%

N -0.01%

N 0.00%
517 MWh
517 MWh

\/
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Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

1599 kWh/m?

+15.0%

4.77%

-2.07%

1715 kWhim? * 2798 m? coll.

efficiency at STC = 18.45%

885 MWh

797 MWh

772 MWh
772 MWh

\A/

Global horizontal irradiation
Global incident in coll. plane

Near Shadings: irradiance loss

|AM factor on global

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)
PV loss due to irradiance level

PV loss due to temperature

Module quality loss

Mismatch loss, modules and strings
Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Available Energy at Inverter Output
Energy injected into grid

Fig. C.19 — Loss diagram of site 28

92

Fig. C.20 — Loss diagram of site 29




APPENDIX D — PV Module Datasheets

g vctron eneray

BlueSolar Polycrystalline Panels

*  Low voltage-temperature coefficent enhances high-temperature operation.
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#  Sealed, waterproof, multi-functional junction box gives high level of safety.

=  High performance bypass diodes minimize the power drop caused by shade.
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APPENDIX E — Inverter Datasheets

FRONIUS PRIMO 8.2-1 EFFICIENCY CURVE FRONIUS PRIMO 8.2-1 TEMPERATURE DERATING

— 100 - - : L . L1 T O SO TR
g P : 3 ; f :
z % : : | & : :
g % — z a0
W i H B [-9 H
S (S — 5 ; g
w i 1 i & g o0 =
82 i k. i '3' : i
0 : H H H """ 6,000
88 - H H H . R ;
LT : ; ; :
] 61 02 03 04 05 OB 07 OB 08 1 30 35 40 45
STANDARDISED OUTPUT POWER Puc/Puce w270V, w 710V, w800V, AMBIENT TEMPERATURE [*C] m IV, m TV, m B0V,

TECHNICAL DATA FRONIUS PRIMO (5.0-1, 5.0-1 AUS, 6.0-1, 8.2-1)

INPUT DATA FRIMO 5.0-1 PRIMO 5.0-1 AUS PRIMD 6.0-1

Number of MPP trackers 2

Max. imput cureent (i ma 1 bic man 2 1L0A 1204 1204120 A

HM.err:hﬂ'l circuit cursent JeSFR4MPF; ) TEOAITED A JTOATITOA

Do imput woltage range (U min - Ui maal 80 - 1,000V

Feed-im start wohtage WU, ;) Bov

Lisable MFP voltage range BO - 8OO V

Numbser of DC connections 14

Mar. PV gemerater output iPy; mael 1.5 bl 15 Ky 00 W 123 kWi
OUTPUT DATA PRIMD 5.0-1 PRIMO 5.0-1 AUS PRIMD &.0-1 PRIMD E.211
AL nominal outpet Pae b 5,000 W 4800 W B,000 W 700 W
Max. output power 5,000 V& &, 000 va 1o, 00080 A, B, 30 A
AL outpet curvent {lie ) N.TA 21.TA 1A 5TA
Grid connection ivoltage ramge] 1~ MNPEIIGV 230V (180 V-270W]

Feequency (fregeency range] 50 Mz /B0 Hr (45 - B5 Mz

Total barmesic &istortion 5%

Poser factar (tos gae il 0.85 -1 ind / cap

GENERAL DATA PRIMO 5.0-1 PRIMD 5.0-1 AUS PRIMD 6.0-1 PRIMD B.2-1
Dimessicns: (height x width x depth) &% x 431 x 204 mm

Weight N5k

Degree of protection IP 65

Protection chass 1

Dwerveltage category (DC 7 &0 " 211

Night time comssmption <l W

Imverter design Transfiormerless

Cooling Regulated air cooling

Installation Indoor and ewidoor installation
Ambient temgserabese range A0 - 4585 °C

Permitted bamidity - 100 %

Max. altibede 4,000 m

D commection techaology #x DC+ and &x DC- sceew terminals 2.5 - 16 mm®
AL comnection technology 3-pole AC screw terminals 2.5 - 16 mm?

DI ¥ VDE D128-1-1A1, IEC 62105112, IEC 82116, IEC 61727, AS 4TTT-2,

B A% 47713, GRY2, GAS, CEI 0-21, VDE AR N 41057

U According 1o [EC 621001,
4 Fromius Prima 5.0-1, Fronius Prime é.0-1 and Fronius Primoe 8.2-1 are not fully ocompliant with VDE AR N 4105
Further information regarding the availability of the mverters i your couniry can be found 2 www frondes oom.
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soLAK

IEQLAX
N B
BT G G IH-I.N___,!l—l_.IL 00T

Max DT poewer [W] 5200 E500 TEOD E400 S5O0 10EDD 12000
Max DC woltage [¥] B0 B0 B0 1000 1000 000 000
Mamriinal DC cperating voltage [V] E00 E00 E00 E00 E00 E00 E00
M iput current Gnpat Alinpat By [A] FLEL FLEL FLEL nm nm nm na
M. gheet cirewll cureest inpul Alinput 5] [4] 14414 14714 14414 14714 14714 14714 14714
Operating voltage sange [V] 160750 160750 160750 1ED-B00 160000 160500 160800
MPFT woltage range [V] iull laad) 150750 240750 285750 TT0-E00 3ED-E00 435 E00 A70-EDD
Start up [ woltage [V] 140 140 140 140 140 140 140
Start cutput DC voltage [V 150 150 150 150 150 15D 160
Shut dosn DC woliage V] 100 100 100 100 100 A0 A0
Mo of MPP trackers. 2 2 2 2 2 2 z
Stings par MPF tracker 1 1 1 1 1 1 1
DT dscaansotion switch cetioeial cetioenial cetioeial optieial cotioenial ooptioeial oopticnial
Marminal AC power [W] 4000 5000 E000 ToOn EDNID 5000 10000
Max appanesit AT powesr W] 4000 5000 EO00 Fo00 EDOD 5000 10000
Rated grid woltage (AT woltage rangel [V] HMIFE, 2300400(510-480¢
Fated grisd Frequency [Ha SOVED; 45
Mas. AC cusrent [A] B4 B0 05 1nz 12E 144 1ED
Displacement power factar DBlading - 0 Elagairg
THIH, Fated posaer 5] =2
CEFRICINCY
MFFT efficiercy %] 599 599 599 EEL] EEL] ELE] ELE]
Eurg-gfficiency [%] ¥ E ¥ E ¥ E 29 29 98 98
Ma. efficiency [%] A3 A3 A3 8.4 8.4 8.5 8.5
CPOWERCONSUMPTION
Might comsumpotion [W] <3
CSNDRRD
Safety EME2105-17-2
EMC EMEL000- - 1; ENG 10006 -3 EMEL D005 -5;EMEL000 -3+ 2 ENELI00- 5 5
Cartification AZ4TIT.2-2005; YDE4LDS
CENVRONMENTUMIT
Profection class IRES
Operating temgertun @ange FC1 254 EIdeTaLing at 45)
Humidity [%] 0=100, conderding
Altituadeden| 4000 derating at 3000 |
Shorage eenperature [“C] =25=ED
Msise asntsion typacal [dE] =5
Ot wailtage cabegary I ectric sugely sidel, NPY side)
CEENERAL
Desnensions{ixHD] [mm] AETEAD0 =180
‘Weight kgl 23 23 23 5 5 k- 25
Do inpt type M4
Canling concept Natural
Topokogy Transfarm erless
Earth fault alarm YesiBOcEI
Camirnication Rs485 JDAM | WiFljepdicnal] / LAN (optionall! USE [ RF
LED: E]
LED display Eiacklight 20°4 chasacter
Warranity [year] 5

ACan be modiffed withaut nobioe (VI
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SUNGRGDGIW

Clean powear for &l

Recommendad max. BV nput possar 75 kWWp 2.0 kWP 105 kW 12 kWp 15 kWWp 13 kwip
Max PV input voltage oo W
Min. PV input woltage / Start-up input voltage LE-lh
Maménal input voltage EO0 W
MPP valtage ranga 1EQ W = 1000 W
Ha. of indepandant MEPP inputs 2
Ma. af PV strings pes MPPT 1M1 111 2/ 2 Fial z2i1
Max PV input cumant 25 A 25 A/ 125 A) IT5A(ES A T2SA)
Max DC shart-circuit cumant ITANGASIER) LB 4 [32 416 &)
Mac. currant for input connector 0 A
e
Haoménal AC poswer |50 W, 50 Hz) 5000 W &000 W OO W 000 W Wo200 W 13000 W
Max. AC output Dowar SE00 WA BE00 VA TROO W EBOD v MDD W™ TE300 Wa™
Man. AC oUTDUT Current a3 A oA LT A =34 a7 A A
3/ M {PE,Z20/3B0V
Haméenal AC valtags 3/ N/ PE, 330 f 400 W
3/MJPE, 240/ 415V
AC voltage rangs 180 W - ZTEV /3N V- &5TE Y
Maminal grid frequency /Grd frequency ranga 50 Hz f 45 - 55 Hz
B0 Hz § 55 = BS Hz
Harmonec [THD) <3 B [at normenal power)
m:f:nm;l poswar | =093 /08 leading - 0.B lagging
Faed-in phasaes / AC connection i3
CEfMidency
Mao efficiency SE40% SE.&0%: SE 405 58.50% 58.50% SELO%
Eurcpsan afficlency IT4H0% 97T 405 S7.30% 57.80% gre0% g790%

CPratction
Grid manitoring
DT rervarea CoNNEciion protectson
AT short-ceroust proect)omn
Leakage currant protecian
Sunga Protectsan DC Type
D swatch
Arc fault circult imterrupbar [AFCIH
FID recosery function

RERR

{AC Typa I

REd

Damicnsions [WH D] FIO05B0MS5 mim
Mountng method Wall-mounteng brackeat
Wiasght 18 kg

Topology Transfarmariess

Dwgres of protecticn IPEE

Oparating ambeant tamperatun rangs S wED T
Allossabda relative humidity ranga 0% = 100%:

Cooling mathod Haturad coolng

Max. oparating altitudae 4000 m |> 2000 m deratng)
Maisa[Typical) 15 dE ja)

Display LED!
Comemunication WLAMN f Ethemat [ BS4ES f DI /DD
DT cannection typs TS (M. & mami® )

AT connecisan typa Plug and play
Comipliancg IEC / EM G1000-6-12/50, IEC f ENEZ03-1Z, |EC 51727, IEC E2T5, |EC E1EES, EM5S0530,

AS/NIS £TTT.220NE, VDE-AR-N-4105, DIN VDEDI2E-1-1, EM50559-1

" The irvarter antars thie standby state whaen the input veltage ranges betwean 1,000V and 1,100 W IF tha massemiumm DO waltage in the systam
can axceed 1000 Y, the MO4 comnnectors included in tha scope of delseery must not be used. In this case FCES Ewo? connectors must be usad.
"= For Australia & Belgiums Carmany, mak. A0 autput powe: SGS.0RT ks 5000 WA, SCE.0AT & 6000 VA, SCA.0RT i BO0O VA, STIIRT & 10000 WA,
SCIZAT 512000 VA,

" AuSTrala: 5399 W, B399 VA Belgiums Carrmany. TO00 W, 7000 W

@ o Q @ . £ 2021 Surgross Postear SUpply 0o, Ltdl All fighits resansed. S0 byect b0 cha ngawithodt notics Verson 113 @
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SMT Series Datasheet

Technical Data GW25K-MT GW30K-MT GW3IEK-MT
erﬂilwnﬁ. ........ e e e e e e e
Mas OC Input Power (W) Z2500 30000 420040
Max. DT Input Viollage: (V) 1100 1100 1100
——— - N, S— amass Em-;;u" S ":enu- - N—
Slan-up Volage: V) 180 180 1&0
Mominal DT Input Wiolaga: (V) &0 [ k] 600
Was Inpat Cumant (4] 25/25/25 I5/2525 b e ]
Masc Bhort Cunent (%) bo B ' 7 B 31.331.3313 31.3/31.3/31.3
Ma. of WPF Trackors 3 3 k]

bt d ] 223

Mo of Inpat Strings e Tiacker

Mominal Dulput Posvar (W) 25000 30000 3E000°"
Was Oulpan Powear (W) 27500 23000 J6000=7
Was Dulpul Appaient Powes [V ZTR00" 3000+ 36000="
Mominal Dulput Volage (V) &00, JAMPE or 3LPE

Maminal Duipat Freousmsy (HE) GO0 BOED 50,0
Mas Dutpun Curment [A&) 40 &= 533

Duiput Poswar Facior

(Acdjusiable rom OB eading o 0.8 g gingh

Duriput THON (EMominal Outpil)

Inteyatn Integrated Intiegrated
PY Siring Cuiresrl Monilonng Imegrabed Imegraled o Intepraled -
Amii-PID Funchicn lor WModuls ‘Dplicral ‘Dplioral Oiplicnal

Frsulation Resisior Detecion Integrated Integraied Inbegraied

DG Sunge: Probeciion Type I (Type || oplicral)

AL B Protoeciion T 1N Ty 1 opticral)

Residual Cument Moriarng Linit Inteyated Integrated Integraed
Ouiput Cheir Cumant Froledion Iniegraind Integraind Intagraied

Dariput Short Probeciion Imiesgrabed Integraind Intizpraled

‘Duiput Over ollage Profection Imegrabed Inbegraied Intepraled

AFT1 ‘Dpticral ‘Dplioral Oipticnal

Terminad Temgerabune Dioberion Dpticral Dypticral Oiplional
-maﬂ ...........................................................................................................................................
Opeating Tempaaiune Rangs ("C) 360 B0--50 300

Ricdabien Hu mackty O--100% O- 1007 O-100%

‘Dparating Alitude (mj = 3000 < 3000 = 3000

Cooling Fan Ciooling Fan Coolding Fan Cooling

Lo Inlodlaca LCO & LED v AFF & LED

‘Commu nication N o B o F:EJEEuWFIchIFI%I;;LE“" N -
“Wickghi gh 40 ) 0

Eize (Width=Haaghi-Depth mim) 480 500200 2 B 0N 20 B0 500200

Prodection

.H;i.é.n.l...."...... ...1..:“:;........ iR .......;.1.“.1........ .............1........1......::‘..... rarr s ................1...........::..1.......1..1........ -
Ty Tarskemerkss

= R b i SN b e Coerikas:

= i Baskgum Wian. Cuipood Powsr [0 : GaEsk-MT o 22000 S0kl = 30000 AT o 36000
= i Baslgpurn Wan. Oufpaod Ajysan it Possesr (VA CRATSRAAT [ 259000, CADDR-WT o 30000, CAIEE-MT @ 38000
= P vt Chewochivs weatoale for e Ladest o bbb
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MT Series Datasheet

Technical Data GWS0KN-MT GWE0KN-MT GWSOKBF-MT GWEOKEBF-MT GWTSKBF-MT GWBOKBF-MT
Moo P Pose [Wh 5000 E0000 E5000 BOCO TG00 103000 ’
Ma. DT Inpit Violage: (V) 1100 1100
WPFT Ranga {¥) 001000 2001000
Staring Voltage | 300
“Min. Feod.inVotaga (] T 20
Morminail DT input Voliags [V) B0 BOO
W, Input Cumeni par WPFT (8 = 44 Lol
M S Coosk Cuseni pa WPPT 5N SITEHITE HE s 55 55 -]
Ha. of MPP Trackess 4 4 L 4 4 4 .
Ma. of |
T e e S S e S
.m Bt e . . . - . .
Mominal Duipui Powar |';:',- 50000 ...-.....,.é‘m E0000 1&;:1}!] ?«_mm 0000 ‘
M AC Acta ower eosg=1)  SEERETERN S e Sitiace  Cita B2500+" moa
o O o (8 SO0 GGG ST GOSN o =
Hominal Clutput Wokage (V) &00, defauk 3L =N+ PE, 3L+PE aplional in seiiings 500, ALFE E40, 3LFE
Mominal Dupul Freruency H2) 5O/G0 SED G060 50,60 50E0 SE0
Wape. Dutput Curent (&) = o5 B0 b] BE3 4.1
‘Dulpui Power Facior =1 [Adjusiable iom 0B eading io 0B aggingh
M. ESicioncy D2 TR R DBEN 08 % 0. 90,07
_Ewppoan Eficiency ) 0 FN 8.5% 085% 08 3% 4N 98.8%
s e e e s e -
P Siring Cuneni Mondioning Integraied Iniegrabed Imegrated Inbegraled Intngraied Iniegrabed
Ani-lskandin g Prolection - ringraled Inlegyrabed Imeyaiod Integraled Iringraied Iniegyrabed
Inpul Fiswerse Poliby Paoiocion nipgraied Inleguated Imegradod Integraled nipgraled Inlegated
Freulation monioring ringraied Intesgraton Imtesgralnd Integraled Fringraied Intesgtaton
DC fuse ringraled Inlegrabed Imiegyalnd Integraled Iningrated Inieyabed
Ani-FI0 Function lor Mockilo onal Dplioral Oplional onal
DEE.:r.anm;hl..- .....-.........Immnp;l:.........-....
AL Surge Amesher Imtegyated (Type B}
Resichial Cunar onlicaing Ling ringraled Inlegrabed Imieyaind Integraled Iningrated Iniegyrabed
AL Owor Cumen | Proiection niogeaied Inlegrated Imegraiod Integraied Iningraied
AL Ehoet Circull Prolection ringraled lgratedd Irmicyal Integraled Iringraled
'IE'EC;'HG.;: F'ulr;;E- i “I“m"ml;;:;;:ld ..i:;;;:;......“...;_.;;;;:;.....-.....Inhgm "
i M
-30-B0 30560
O--100% O-100%
4000 = 4000 .
Far Coaling Fan Cooling )
LED, '"WiF1 +AFF
‘Communicaion RE4E5 o WiFi or PLC
Wi gl ] B4 1] =] =] 5
Dhrmiansion [WicsheHeighi -Diapih ) GEE THE=D64 i TBE« D64 B TES 5B« TER-267 585 TEB«TE7 EEE.TEE.06T
Prolction Dogroa - IPES IFES IPES PES IPES IFES )
Might Eail' Consumpiion (i) =1 =1 <1 =1 =1 =1
e I T T I S .
=" For Bakyuorn i Ouead Powar R R e 30000, SISO M-MT o 80000, SWweosBF T o S0000; CseorBFuT m Bo0os; GaT=kEF Wl e 000, WensBF-WT w 8ooon
= For B W, Ol Syyearect Poon (00 CASORM-MT @ S0000 Crasosd-maT 0000, CAIKEF AT = 50000 (aAvenkEF T = B0ooD; ChowrseEr- Wl s T000y; JsvenkEF T = sooon
*: P vad Sexzchi wibswcle for e lades! crlicalen
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Technical Data

EFASIILARE “EFASOLAR" EFASDILER " EFASDILER
Input
Ml mesm power 575 K 725 kW BAD kW 1035 kW
Mirdmum voliage 50V 4B0 W _ L £20 V
M| meam iage 1000 W
MEFT range &5V - B0V S0 % - B30 ¥ 555 W - B30V 515V - B30V
M Imim CurTent 1200 A 1300 A 1350 & 1835 A
Humbisr of Insependont MPF Inputs 1
Humber of DC imputs " & Inputs equipped with fuses
Output
Rated power {25 T/ 50 "C) S50 Ak 500 KV 550 KA F E30 KA TR0 WA, § TI0 Kk SB0 Nk SO0 KV
Ratod veltage * IV FRET 160 ¥ ooV
Rated ourroni 070 A 55 A 170 A 1237 A
Frequency 50 Hz / 60 BT
Maximm current 1250 A 13104 1310 4 1370 A
THD < 38
Power Tactor 'Imglmmrﬂ: EHI‘.'[1IH.‘I:|'.I|' - 1.0 ¢ 0,8 inductive tod I{EIIH’!‘
Rexuired grid type IT grid
Eolation transhermer Mo
Eificiency
M imeam ¢ 58,4% TR 9E, 61 58,7%
Eurn-gfNicHomcy © 58, 1% R0 9E, 41 58,54
CEC efficiency " 58,2% 5E_&% [T 58,E%

DL disconnect device Motor-drive switch disconnecior
Cincuit breaker
DL overvoltage protection Type B SUrge armesier

AL owervoltage protection Typet | SR arrestor

Auniiliarkes overvoltage protoction Type N surge arrester

Giroind okt Mol boring =
Chtvnitage .
_.hdtnd.& =
_MEM n
_Underreguency =

Antiislandng =

Revorse polarization =

Short cincult on Ehe oot put =
e =
Asymimetrical current =

AL disconnoci device

|

AN LT SN 0" ... +50"C/ +14"F ... +132 °F

May. permmissible vabue for relattes humidicy jnoncomdensing ) 155 .. 95%

Cooling concept A forced cooling

Aaraillares porwer ey PRI

Mas . sl -:,n'ﬁl.urnEL‘i:ﬂ Eﬂ‘bﬂi i sl m‘ﬁl.ihEl.‘i:\ﬂ :Ehn 1300°W 7 <ES W

[ R.l.l_:l'i:lﬂ

Altitude for rvted conditions ¢ Masdmum operating altitude sbowe 1000 m ¢ 3000 m

sea lowel &

mersions WilsH] 1300 % 610 % 1000 mim / Bs 6 X 24 & TH T

Wailght 1E00 kg & IG6E I

Probec thon dﬁ FE0 F MEMA 2

Protec thee class ]
EN——

CE marking ey

Safery EMC EM 621051, EH 21091 # EH 61000-6-1. EH 61000-6-4

Grid Inbertace IEC 62116, BDEW, F.O12.3, Ardte T3-04.-2008, AEMT MER 16145, ABNT MER 16130,

South African Grid code, Chilean Grid Code

Lioral Human Maching interfaoe 4.3 Color, touch SCroen
Bemole intenaos Wik Virual Hvil
Commamunkcat kon Enn:\-cds Meoadbies TCFRTU

D 5 Diana

R it sof Peiane
Reactive £raTiy COMpereation maodile
Mainierance serdoe
Warranty extersion

o i R

- Defel ARG B B e

- Onter ol voinage, DO volagim aad poves cAMA T b Configared.

il Py Decine +~ DyBH @ rmed cangan solngs wed o oad - 15N

Th bifjausbis radgs Thr b Earardad and otba b TA8 b Donfigered

- EFCH S p Mol DT B DAy pwi LRl SETAAM@an B 5 Mg 8 Suaat rited ~aLag.

- Flraas comiil Dlmes with e wpaclic i order o Eviriasl oeoane with alTiuce.

oefacec

Elater Energla, Miguinas ¢ Equipameniss EMciricos, 4.
Fua Erg Frodereo Urich - Ap SO0 | &47 1007 blore i o blais | Portogael | Tl 4350 5000 S00 880 | Fac: + 351 230 563 508 | iceerteruyerisore com | wlasievssterwslsces mn

e B ) | e 8
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