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Abstract

The research proposed consists in providing a climatic file of received radiation together with
solar electric generation for a 1.17 kWp PV system in the city of Gavle. In addition, both
radiation and solar electric generation will be compared making use of the WINSUN program.
Possible disparities between both data have been analyzed. The interest of this study lies in the
lack of a file that provides radiation data in the city of Gavle, which may be of help to people
interested in making some kind of photovoltaic installation. Similar studies have been carried
out previously in different locations which have tested different models to evaluate various
climatic factors affecting the performance of the panels. The research method has been a case
study in which monocrystalline solar panels installed in building 45 of the University of Gavle
(HiG) have been analyzed together with the radiation data provided by three pyranometers.
The results exhibit the importance of adjusting parameters such as diffuse coefficient,
horizontal shading, and system efficiency. Results of this study show an accurate climate file,
with little errors between measured and simulated data, with values of global performance
indicator (GPI) (-2.70E-10, -1.06E-12) for 2022 and 2023 respectively.

Keywords: PV panels, comparison of measurement and simulation, photovoltaic, solar diffuse

radiation, solar production, PV panels in Sweden.



Resumen

La investigacion propuesta consiste en proporcionar un archivo climatico de la radiacion
recibida junto con la generacion eléctrica solar para un sistema fotovoltaico de 1,17 kWp en
la ciudad de Gévle. Ademas, tanto la radiacion como la generacién eléctrica solar se
compararan utilizando el programa WINSUN. Se han analizado las posibles disparidades entre
ambos datos. El interés de este estudio radica en la inexistencia de un archivo que proporcione
datos de radiacion en la ciudad de Gévle, que puedan ser de ayuda a las personas interesadas
en realizar algin tipo de instalacion fotovoltaica. Anteriormente se han realizado estudios
similares en diferentes localidades en los que se han probado diferentes modelos para evaluar
diversos factores climaticos que afectan al rendimiento de los paneles. El método de
investigacion ha sido un estudio de caso en el que se han analizado paneles solares
monocristalinos instalados en el edificio 45 de la Universidad de Gévle (HiG) junto con los
datos de radiaciéon proporcionados por tres piranometros. Los resultados muestran la
importancia de ajustar parametros como el coeficiente de difusion, el sombreado horizontal y
la eficiencia del sistema. Los resultados de este estudio muestran un archivo climatico preciso,
con escasos errores entre los datos medidos y los simulados, con valores del indicador global
de rendimiento (GPI) (-2,70E-10, -1,06E-12) para 2022 y 2023 respectivamente.

Palabras clave: Paneles fotovoltaicos, comparacion de medida y simulacion, fotovoltaica,

radiacion solar difusa, produccion solar, paneles fotovoltaicos en Suecia.
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Laburpena

Proposatutako ikerketa Gavle hiriko 1,17 kWp-ko sistema fotovoltaiko baterako eguzki-
elektrizitatearen sorkuntzarckin batera jasotako erradiazioen klima-artxibo bat eskaintzean
datza. Gainera, erradiazioa zein eguzki-elektrizitatearen sorrera alderatuko dira WINSUN
programaren bidez. Bi datuen artean egon daitezkeen desberdintasunak aztertu dira. Ikerketa
honen interesa Gévle hirian erradiazio-datuak eskaintzen dituen fitxategirik ezean datza,
instalazio fotovoltaiko motaren bat egiteko interesa duten pertsonentzat lagungarri izan
daitekeena. Aurretik, antzeko azterketak egin dira hainbat tokitan, zeinetan eredu desberdinak
probatu diren panclen errendimenduan eragina duten hainbat faktore klimatiko ebaluatzeko.
Ikerketa-metodoa kasu-azterketa bat izan da, non Géavleko Unibertsitateko (HiG) 45.
eraikinean instalatutako eguzki-panel monokristalinoak aztertu diren hiru piranometrok
emandako erradiazio-datuekin batera. Emaitzek erakusten dute difusio-koefizientea, itzal
horizontala eta sistemaren eraginkortasuna bezalako parametroak doitzearen garrantzia.
Ikerketa honen emaitzek klimaren artxibo zehatza erakusten dute, neurtutako eta
simulatutako datuen artean errore gutxirekin, errendimendu-adierazle globalaren (GPI)
balioekin (-2.70E-10, -1.06E-12) 2022 eta 2023rako hurrenez hurren.

Gako-hitzak: Panel fotovoltaikoak, neurketa eta simulazioaren konparazioa, fotovoltaikoa,

eguzki erradiazio difusa, eguzki ekoizpena, panel fotovoltaikoak Suedian.
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1 Introduction

1.1 Background

Within the global energy context, we find ourselves at a time when renewable energies are taking on
arelevant role. This is mainly due to the Paris treaty adopted by 196 parties in 2015, which aims to
limit the increase in global temperature to 1.5 °C above pre-industrial levels. This study will be
carried out in Gavle, Sweden, a country which in recent years has experienced a large increase in the
share of renewable energies in its energy mix to almost 60% by 2020 according to the International

Energy Agency (IEA).

According to the IEA solar photovoltaic (PV) generation increased up to 1300 TWh in 2022,
increasing 26% respecting to the previous year, which means that it has been the fastest growing

renewable energy surpassing wind energy.

China has been a major player in the increase of this type of energy generation, accounting for 38%
of PV generation, followed by United States with 15%. The fact that the two major world powers
are betting on this technology makes its potential much greater (Solar - IEA, 2023).

In the Swedish energy mix, photovoltaic solar energy does not form a large share. This technology
has not been developed as much in this country for obvious reasons, such as the low radiation
received, and the few hours of sunshine compared to other countries located at lower latitudes.
However, this does not mean that this type of installations are not profitable. On the other hand, the
large hydroelectric capacity of the country, and the extension for the installation of wind turbines

have also caused a lower development of solar photovoltaic energy.

The interest of this work resides in the scarce offer of climate archives that can provide joint data of
received radiation together with solar electric generation in the city of Gavle. This will facilitate the

installation of a larger number of PV solar panel installations.

When a prospective customer asks several companies about the potential for a PV installation at his
home, he receives different values because the companies use different sources to determine the
radiation at each location. With this climate file, prospective customers will be able to compare offers
based on the potential of the solar panels provided by the companies and possible variations due to

different sources of irradiation data will not affect the results.

In addition, it will allow a better understanding of the technology of photovoltaic solar panels and
what kind of circumstances affect their performance. These conclusions can be obtained because the
data obtained belong to the production of photovoltaic panels will be compared with radiation data

obtained from three pyranometers.

The objectives of this study are, as mentioned above, to provide data on the radiation received at the
municipality of Gavle, to learn how photovoltaic panels work more precisely, what factors can affect
their performance, and to compare radiation data with energy data obtained directly from the

photovoltaic panels using the WINSUN program.

The topic of this study was proposed by my supervisor due to the lack of such study, which made me
accept it directly because of my long-standing interest in renewable energies and in particular, solar

PV energy.



1.2 Literature Review

Once the topic of this thesis has been decided as well as the principal objectives, literature research
has been conducted to increase the knowledge in the field and to find answers to the questions that
may have appeared. For this research, different browsers have been used such as, Discovery (HiG’s
meta search engine) and Google Scholar. With the aim to focus the research the following keywords
have been used: “PV installations AND Sweden”, “photovoltaic panels AND performance OR
analysis”, “evaluation AND PV systems” and “Solar panels AND pyranometers”. Regarding the
selected articles, it has been decided to include the most relevant peer-reviewed articles and those

most related to the topic of study.

Considering that throughout this work a comparison will be made between data obtained directly
from photovoltaic generation and data collected with three pyranometers, similar studies have been
sought. Within the models that have been used for data comparison, relative mean bias error (rMBE)
values from 0 to 8% have been obtained between the measured data and the calculated data. These
results were obtained in a study located in Poland where data was collected from a database which
had been gathering data with a pyranometer in a location 10 km away from where the place of

measurements (Olczak, 2022).

Another study that provided a comparative analysis between theoretical values of insolation and actual
measurements taken by pyranometers installed in solar photovoltaic plants was performed in the city
of Dushanbe (Tajikistan). This study showed a discrepancy between both data, it oscillated between
1 and 20% depending on the season, which can be associated with dustiness, an important factor that

must be taken into account(Kudusov et al., 2021).

Different factors can affect PV solar panels performance, being dust one of the factors that may reduce
by 50% the performance of a PV solar panel, what highlights the importance of cleaning them
regularly. This statement was done after doing research and evaluating different articles that were
showing the impact dust had in different locations in Northern Africa(Rezvani et al., 2022). The
difference between the locations where the dust effect on PV panels has been studied and the location
where the measures of this theses will be carried out could lead one to believe that this data is
irrelevant. However, snow is an important factor that should be taken into consideration due to the

location of the study and could have similar effects to dust on the performance of PV solar panels.

Taking into consideration that the location of the PV installation is Gavle (Sweden) it is important to
know how snow can affect to the power generation, since it is said that snow conditions con cause an
average reduction of the generated electricity of 14.7%. Moreover, it was stated that snow removal
agents can enhance an improvement in the performance of PV panels by 0.1-2.3%. These results
were obtained after creating a new model designed for high-latitude regions which was predicting the
best PV installation angles maximizing the PV power generation making use of weather data from the
years 2012 to 2021 in which three different scenarios were carried out, one considering just
precipitation and clouds, the second one considering snowfall, cover and melting and the third one

having a snow-dissolving agent (Ruan et al., 2024).



A recent study in the city of Vasterds (Sweden) conducted research to know the potential of roof-
mounted solar photovoltaic projects of this city. This analysis was undertaken using geographical
information with energy system modeling technics, obtaining data from Lantmateriet, a swedish land
survey. The results after evaluating three different scenarios displayed that ”5.74 km’ usable area in
Vasteras gives potential installed capacity as 727 MW,, 848 MW,, and 956 M w, and potential yearly electricity
generation as 626 GWh, 720 GWh, and 801 GWh on pitched roofs and flat roofs with three scenarios,
respectively”. Although Gévle’s population and urban area is not as big as Vasteras’ the difference is not
very large and these numbers give an idea of how much potential for electricity production from solar

panels a city like Gavle can have (Yang et al., 2020).

Since the main part of the work is to validate the estimated results with the data received by the
pyranometers, it is important to know which methods can be used for comparison. The work carried
out by (Stone, 1993) proposes the use of the t-statistic method for the evaluation and comparison of
radiation estimation models. The work shows how the use of Mean Bias Difference (MBD) and Root
Mean Square Difference (RMSD) separately can lead to the approval of an incorrect model. For this
reason, the use of the t-statistic is recommended as this way the model will be evaluated in a more

reliable way.

In order to compare the values of the measured data of solar radiation and the data obtained with
simulation, some statistical methods will be utilized. In a study carried out in Algeria (Behar et al.,
2015) an accurate model of prediction of direct solar power was studied. Using seventeen different
models with the aim of estimating the performance of solar power projects where some
meteorological data is not available. For the purpose of finding the best model, a new statistical factor
was used in the work, the so-called Global Performance Indicator (GPI) which takes into account five
different statistical factors. Among these statistical indicators, MBD, RMSD, Expanded Uncertainty
(Uxx) being xx the confidence level, T-statistic test (TT) and coefficient of determination (R?) were
used. This statistical method will be used to validate the data and to differentiate the influence of

different input data on the results.

It is of interest to know what kind of models could be used for the estimation of horizontal diffuse
radiation. In a study carried out in Algeria (Jamil & Akhtar, 2017), sixteen empirical models for
determining this value were studied and analyzed using the statistical method used in (Behar et al.,
2015). The Model 3 (cubic model) resulted to be the best model out of the Category 1 (representing
ratio between diffuse and global radiation) and validation data set (data to test the models).

In a study carried out by (Formolli et al., 2021) three cases in Norway, three cases in Sweden, and
four cases in Denmark were evaluated. Technical aspects were considered such as estimation of solar
potential and energy generation. On the other hand, non-technical aspects were exposed. Among
these, findings show that municipalities have a vital role as well as the use of indicators to evaluate
the performance of masterplans, analogue and digital tools for the performance of solar simulations,

to be able to increase the awareness among the stakeholders.

Once research has been conducted on studies related to the research to be carried out, it is known
which factors may affect the results obtained, and to what extent differences between the power
generation of the solar panels and the results obtained using the data provided by the pyranometers
are valid. Different ways of analyzing data have also been revealed. In addition, it has been seen the
great potential of photovoltaic installations in Gévle, so the realization of this thesis is important to

increase the solar electricity production in this city, thus reducing CO, emissions.



1.3 Aims

The overall aim of this project is, as mentioned above, to provide a climate file of received radiation
and solar electric generation in the city of Gavle. To achieve this objective, a correction method will
be used for the horizontal diffuse radiation data, performing calculations, and taking into account the
data collected with the pyranometers. In addition, the extent to which different factors may affect
the results will be studied. Another sub-objective of this project is to learn how to use the WINSUN

program and what kind of calculations are performed in it.

One of the limitations of this project is that the data obtained is only for the last three years, from
April 2021 to February 2024, and just data for 2022 and 2023 will be used since are the only two
years for which complete annual data are available. Therefore, although it is a considerable range of
years, it is not a very wide range so that certain climatic variations suffered during these years could

affect the results obtained.

Moreover, the study will be carried out with pyranometers and specific photovoltaic panels, which
have been installed for some time and may have suffered some deterioration over the years which

could affect the recollected data.

1.4 Approach

Data for this thesis has been acquired from HiG solar laboratory, which comprise global, and diffuse
radiation. In order to analyze the data, WINSUN program was used. The WINSUN program gives
monthly PV energy production after entering hourly global and diffuse radiation as well as
temperature data. The data fed into WINSUN was analyzed using different statistical methods with

the goal of finding the most accurate approximation between measured and simulated data.



2 Theory

2.1 Solar radiation

Photovoltaic energy is the energy produced by converting sunlight into electricity using a technology
based on the photoelectric effect. This transformation takes place in devices called photovoltaic
panels. In photovoltaic panels, solar radiation excites the electrons of a semiconductor device,

generating a small potential difference.

Although the photovoltaic effect has been known since the 19th century, it was in the 1950s, at the
height of the space race, when photovoltaic panels began to undergo significant development. Initially
used to supply electricity to geostationary communications satellites, they are now a renewable

power generation technology (APPA Renovables,2022.).

Currently, there are different types of materials that can be used as PV cells, but the ones that are
commercially important are solid semiconductors that form p-n (positive-negative) junction when

solar energy falls.

Sunlight strikes the semiconductor material and it is excited, a flow of electrons is attracted across
the junction by the electric field that is created when the p-n junction is formed. If the semiconductor
p-n junction is connected to an external circuit, the flow of electrons produces direct current (DC)
electricity (’Jenkins & ’Ekanayake, 2017).

2.2 PV cells

The roots of PV cells are similar to those of the classic p-n junction diode. In Figure 1 a scheme of
how electricity is generated in the PV cell is shown. When the junction absorbs the solar light, the
electron system of the material receives the energy of the photons, creating charge carriers that

separate at the junction.

Electron-ion pairs in a liquid electrolyte or electron-hole pairs in a solid semiconductor material can
be charge carriers. A potential gradient is generated by the charge carriers in the junction region,
electrons are accelerated under the electric field and flow as current through an external circuit. The
power converted to electricity is the resistance multiplied by the square of the current. The remaining

photon power is the responsible for raising the temperature of the cell (Patel, 1999).

’ N contact electron flow
Ilght\\“ -
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Figure 1 Scheme of a PV cell when converting photon energy into electricity (Patel, 1999)



The PV cell forms only a small part of the PV solar panel, which is only capable of producing about
1 watt of power. To produce more power, these cells are connected in series and in parallel to form
so-called modules. In the same way these modules can be joined together to form arrays as we can
see in Figure 2 (Patel, 1999). The negative part of the module is connected to the positive part of the
next module. This connection adds the voltages, forming a string with much higher power. When
one or more strings are added, they form an array with a current equal to the sum of the strings'
currents (Franklin, 2018).

o

Module

Figure 2 Formation of arrays in solar panels(Nabipour Afrouzi et al., 2013)

2.2.1 PV cell technologies

The goal of improving energy efficiency over time has led to the development of a wide variety of
materials for solar panels. The following sections will describe the most common types of solar cells.

Eq. 1 shows how efficiency (1)) is calculated, its values vary among these different technologies.

output from the system Eq. 1

n= radiation that arrived to the system

2.2.1.1 Monocrxstalline silicon

The monocrystalline silicon panels are made from melted and purified silicon. A seed crystal is placed
in the liquid silicon and pulled at a slow speed (Patel, 1999). Efficiency of monocrystalline solar cells
varies between 21 and 26.7%. Figure 3 is an illustration of what a monocrystalline solar cell looks

like.

Figure 3 Monocrystalline solar cell (Monocrystalline Solar Cell and Its Efficiency - SolarSena, 2021.)



2.2.1.2 Polvcrystalline silicon

Polycrystalline silicon is molten silicon poured into a square mold. It is simpler and less expensive
than the monocrystalline silicon cell. (Gaikwad, 2020). Its efficiency varies between 13 and 16%.

Figure 4 is an illustration of what a polycrystalline solar cell looks like.

Figure 4 Polycrystalline solar cell (P Type Polycrystalline Silicon Solar Cell - China Polycrystalline
Silicon and Poly Cell,2019.)

2.2.1.3 Thin film

Thin film solar cells are made of one or more layers of glass, metal, or plastic. Its efficiency varies

between 21.7 and 23.4% (Gaikwad, 2020). Figure 5 illustrates how a thin film solar cell looks like.

Figure 5 Thin film solar cell (Innovation: Thin Film Solar Cells at MX2016 - MaterialDistrict, 2016.)

2.2.1.4  Amorphous silicon

Amorphous silicon solar cells are a non-crystalline allotropic form of silicon and a well-developed
technology used in small-scale applications. Its efficiency varies between 8.8 and 10.2% (Gaikwad,

2020). Figure 6 illustrates how an amorphous silicon solar cell looks like.

Figure 6 Amorphous silicon solar cells (Types of Solar Panels: Types, Working, Application with (PDF),
2022)



2.3 PV installation components

2.3.1 Combiner box

The main function of the combiner box consists in combining the multiple series strings into a one
parallel circuit. Once the strings are combined the voltage of the system remains the same as the one
of cach of the strings, but currents are added. The positive lead is connected to the fuse while the
negative is connected to the rounded buss bar(Franklin, 2018). Solar combiner boxes are also
responsible of consolidate the incoming power into one feed to distribute it to the inverter (What Is
a Combiner Box? 2015).The combiner box is connected between the solar panels and the inverter.
Figure 7 shows a combiner box of 4 strings, where is easy to differentiate between the input of the

positive and negative part of the strings.
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Figure 7 Solar combiner box for 4 strings with 15A rated current(Solar Combiner Box PV Combiner Box 4
String With15A Palestine | Ubuy, 2016)

2.3.2 PV disconnect switch

A PV disconnect switch must be installed as a DC disconnect switch between the inverter and the
solar array. Its purpose is to de—energize and isolate the inverter from the power source. As per the
electrical code, the negative conductors should be grounded while the positive ones should remain

ungrounded .

A disconnect switch for PV is placed in the alternate current (AC) area before the AC service panel.
Its function is to isolate the inverter from the AC service panel when the PV system is connected to
the grid(Franklin, 2018). Figure 8 shows both DC and AC switches connected to the inverter in the

building 45 of the university of Gdvle where the case study has been carried out.

Figure 8 DC and AC switches in building 45 of the University of Gavle



2.3.3 Charge controller

If a battery is part of the PV system, a solar charge controller should also be part of the system. The
purpose of the charge controller is to regulate the amount of energy flowing to the battery to prevent
overcharging. During the day, the controller allows the PV array to charge the battery fully. At night,
it is responsible for allowing the battery to power the load when energy is needed (Franklin, 2018).

Figure 9 illustrates the appropriate location for installing a solar controller. The solar controller

receives DC input and delivers DC output based on the systems’ requirements.

Solar Panel MPPT

Solar Controller

DC input DC output
—_— ——

charging

—
+{-

Battery bank

Figure 9 Scheme of a solar panel with a Maximum Power Point Tracking (MPPT) charge controller and a
battery (99% Efficiency 80A 100A MPPT Solar Charge Controller 48V/96V, 2019)

2.34 Battery

The battery is responsible for storing excess energy in a PV system and supplying it when needed. If
a single battery's voltage is insufficient, multiple batteries can be connected in series to increase
voltage. It is important to design the battery bank based on the specific characteristics of the PV
system. Another consideration is the life cycle of the product and its profitability for installation
(Franklin, 2018).

2.3.5 Inverter

The inverter handles the conversion of DC to AC in a PV system. The DC can come directly from
the PV panels or from the batteries. In residential settings, power loads operate in AC, which is why
electricity needs to be converted into AC. The inverter's characteristics depend on those of the PV
system. The inverter is also in charge of synchronizing the voltage and the frequency to the one of
the electric grid. Moreover, it is responsible for controlling the energy flows, controlling efficiently

when the energy is to be taken from the PV panels, from the batteries or from the grid.

Figure 10 portrays a generic inverter, in this case corresponding to one of the SMA Solar inverters

that will be used in this case study.



Figure 10 Picture of a generic inverter (Solar Inverters | SMA Solar, n.d.)

2.3.6 System metering

PV installations should be equipped with system metering devices to measure the amount of
electricity used from the PV system. It is also important to monitor the frequency of battery charging
and discharging to identify any issues related to incomplete charging or system shutdown. Customers
can track their consumption and electricity production data using various well-designed apps. Smart
meters and data loggers are utilized for these practices (Franklin, 2018). Figure 11 illustrates an

example of an energy meter used for PV installations.

SMA ENERGY METER
=
om
\ o
i \ .
\ o o

Figure 11 SMA Energy Meter (SMA Energy Meter EMETER-20 | Mg-Solar-Shop, 2020)

2.3.7 Mounting systems

Solar panel mounting systems are crucial for maximizing solar energy generation. They provide the
most advantageous orientation for solar panels towards the sun. These systems provide the structure
for installing solar panels. The two typical options for installing mounting systems are roof—mounting

and ground-mounting (Solar Panel Mounting Systems: Types and Considerations for Installers, 2023).
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Figure 12 Mounting system for solar panels (Ground Static Mounting System for Solar Panels SMS-402
by SolarSK, n.d.)

2.4 PV performance

2.4.1 Solar radiation

In order to explain the theory of PV solar performance a brief explanation will be done regarding the

solar radiation topic.

e solar constant G, is the energy from the sun per unit of time received on a unit area of surface
The sol tant G, is th gy from th p it of ti ived it f surf:
perpendicular to the direction of propagation of the radiation at mean earth-sun distance outside the

atmosphere. The solar constant has an average value of 1367 W/m?.

Solar radiation can be divided into three different parts:
Ultraviolet radiation (UV): wavelength (A) < 0.38 pm
Visible light (VIS): 0.38 um <A< 0.78 um

Infra red radiation (IR): A > 0.38 um

The intensity and the spectral distribution of the solar radiation looks like the radiation from a
black body at about 6000 K. A so-called black body is a body with emittance, € = 1, in Stefan-

Boltzmann’s law valid for all bodies:

Q=¢eoT* Eq. 2

2
Q = radiated power per surface area (W/m )

= emissivity factor or emittance

8 2 4
0 = Stefan-Boltzmann’s constant = 5.67%¥10 W/m K

T = temperature of the body (K) (Dulffie et al., 2020)

2.4.2 IV and PV curve

The IV and PV curves show the performance of cach of the PV modules which are represented in

Figure 1 3.
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Figure 13 Current voltage curve of a solar cell (IV Curve | PVEducation, 2019)
Some important values of solar modules are represented in Figure 13.:
I, : Short circuit current, represents the maximum current of solar module.
Iyp: Maximum power current represents the current operating at maximum power.
V,.: Open circuit voltage represents the maximum voltage of a solar module.
Vup: Maximum power Voltage represents the Voltage operating at maximum power.

Pyp: Maximum power represents the maximum power a solar module is able to deliver.

2.4.3 Types of radiation

2.4.3.1 Calculation of beam radiation

Beam radiation Gy,: Corresponds to the solar radiation received from the sun without taking into

consideration the scattered radiation by the atmosphere.

Diffuse radiation G4: Corresponds to the solar radiation received from the sun that has been scattered

by the atmosphere and it is not directly impacting a surface.

Total solar radiation G: The sum of the beam and the diffuse radiation on a surface.

Gpb = Gp,nc0s(0) Eq. 3
Gan = Gh—Gpn Eq. 4
Gon = Gb,nC0S(67) Eq.5

G, = the direct radiation towards a tilted surface

Gb,n = the direct radiation towards a surface perpendicular to the sun

0 = angle of incidence for the direct radiation against the tilted surface

Gd,h = diffuse radiation towards a horizontal surface

G, = the total radiation towards a horizontal surface

Gb,h = the direct radiation towards a horizontal surface

0, = angle of incidence for the radiation against a horizontal surface (zenith angle)

Figure 14 illustrates where Eq. 3, Eq. 4 and Eq. 5 are coming from.
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Figure 14 Graphical representation of beam, beam normal and beam horizontal radiation (Bjérn O Karlsson,

2022)

2.4.3.2 Calculation of diffuse radiation

Anysotropic model — Hays and Davies Model

This model splits diffuse radiation in two parts, from the angles close to the sky and from the rest of

the sky.

Gy :Gd,h(l—Ai)(1+cos(B)) Gd,h*Ai*cos(8) Eq. 6
2 cos(0z)
A, =cbo Eq. 7
I Gon
Gon = 1367+ (1 + 0.033cos (360 * L)) Eq.8
365

2
G, = diffuse radiation towards the tilted surface (W/m )

B = tilt of the surface from the horizontal (°)

2
G, , = radiation outside the atmosphere towards a surface perpendicular to the sun (W/m )

Ai = anisotropic-index. Measure on the transmittance of direct radiation through the atmosphere.

N = day number of the year
Isotropic model

It is a simple model in which the diffuse radiation is assumed to have the same intensity from the

entire sky. The equation is the same as using Ai = 0 in Eq. 6.

Ggn(1 + cos(B)) Eq. 9
d= 2

2433 Calculation of ground reflected radiation

Apart from the direct, G, and the diffuse, Gd’ radiation towards a tilted surface there is also

b7
ground reflected radiation, Gg. The ground reflected radiation is normally assumed to be

isotropic.
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_ pgGh(1-cos(B)) Eq. 10
G 2

Being pg the reflectance of the ground and (1-cos(f))/2 the surface view factor against the

ground.
In the excel file of WINSUN Ggand G, are summed to form Guaifpus

2.4.34 Calculation of total radiation

Taking into consideration the results obtain with Eq. 3, Eq. 9, and Eq. 10 the value of the total

radiation can be obtained.

G=Gb+Gd+Gg Eg. 11

(Bjorn O Karlsson, 2022)

2.4.4 Solar angles
2.4.4.1 Declination

The angle of declination (8) corresponds to the angle between the line of the equator and a line that
goes from the center of the Earth to the sun. It goes from +23.45 in the summer solstice to -23.45°

in the winter solstice.

Figure 15 Representation of the declination angle & together with the latitude A (A, in figure) and longitud L

284 + n) Eq. 12

6 = 23.45sin (360 365

L = Longitude, the angular location west of Greenwich England 0o < L < 3600.

A = Latitude, the angular location north or south of the equator, mnorth positive;

—900 < A < 909(Bj6rn O Karlsson, 2022).
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2.4.4.2 Solar time and hour angle

Solar time is the time used in all sun-angle relationships; it does not coincide with local clock time.
It is necessary to convert standard time to solar time by applying two corrections. There is a constant
correction for the difference in longitude between the observer's meridian (longitude) and the
meridian on which the local standard time is based. The second correction comes from the equation
of time, which considers the perturbations in the Earth's rotation rate that affect the time the Sun

crosses the observer's meridian.

Solar time — standard time = 4(Ls —L,) + E Eqg. 13

L, = standard meridian for the local time zone
L, = longitude of the location, 0° < L; <360°

E = 229.2(0.000075 + 0.001868 cosB Eq. 14
— 0.032077 sinB — 0.014615 cos 2B
— 0.04089 sin B)

B = 360(n —1) Eq. 15
- 365

The hour angle is the angular displacement of the sun, it can be in the direction of the east or west of
the local meridian due to rotation of the earth on its axis at 15° per hour with morning being negative

and afternoon being positive.

+E
® = 15%(hh—12) + = % Eq. 16

4 + (Ls - Ll)

® = hour angle
hh = hours
mm = minutes (Bjérn O Karlsson, 2022)

2443 Angles for solar panel position

f = Tilt, the angle between the plane of the surface in question and the horizontal; 0o < 8 < 1800.

(B > 900 means that the surface has a downward-facing component.)

¥ = Surface azimuth angle, the deviation of the projection on a horizontal plane of the normal to the
surface from the local meridian, with zero due south, east negative, and west positive; —1800 <y <

1800.

6 = Angle of incidence, corresponds to the angle between the beam radiation on a surface and the

normal direction to that surface (Duffie et al., 2020).
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6 = arcos(cos(8) sin(w) sin(B) sin(y) Eq. 17
+ cos(8) cos(w) sin(A) sin(B) cos(y)
— sin(6) cos(A) sin(B) cos(y)
+ cos(6) cos(w) cos(A) cos(B)
+ sin(6) sin(4) cos(B))

2.4.4.4 Angles for the position of the sun in the sky

0z = Zenith angle, the angle between the vertical and the line to the sun, that is, the angle of incidence

of beam radiation on a horizontal surface. For the calculation of the zenith angle the equation is the

same one as Eq. 17 but with f = 0, as it is the angle of incidence for horizontal surfaces.

6 = arcos(cos(8) cos(w) cos(A) + sin(8) sin(1)) Eq. 18

as = Solar altitude angle, the angle between the horizontal and the line to the sun, that is, the
complement of the zenith angle (Duffie et al., 2020).

Eq. 19
ag = arcsin(cos(6) cos(w) cos(A) + sin(6) sin(4))

¥s = Solar azimuth angle, corresponds to the angular displacement from south of the projection of
beam radiation of the sun on the horizontal plane. Displacements east of south are negative and west

of south are positive (Bjérn O Karlsson, 2022).

_ [cos(6) sin(w) Eq. 20
Ys = arcsin| —————
cos(ag)
Zenith
&
‘\\ | Narmal to
@Eﬂ horizontal surface

=

Figure 16 Description of the zenith angle, surface azimuth angle, solar azimuth angle for a tilted surface, and
tilt (Duffie et al., 2020.)
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2.5 WINSUN Equations

The WINSUN software has been used for the development of this work. This is a simplified program
developed in HiG that is able to show the photovoltaic energy production in a year by entering hourly
data of temperature, horizontal diffuse irradiance, global horizontal solar irradiance and
characteristics of the PV-installation. In addition, other values representative of the location of the

solar installation must be entered.

2.5.1 Calculation of the performance ofa PV-system in WINSUN

For the calculation of the power output for each of the timesteps, the equation used will be the

following.

P(25,0) * (Kb(0) *Gb + Kd* Gd )(1 + (Tcell — 25) * ) Eq. 21
1000

P(T,0) =

On the other hand, the calculation of the efficiency will be done with:

P(T, 0) Eq. 22

APVsystem

n(T,8) =

P(25,0) = Power at STC (Standard Test Conditions)

The STC consists of the conditions in which the output power of the solar panels is measured.
With a solar irradiance of 1000 W/m?2, Tcell of 25°C and AM (Air mass) of 1.5.

K,y = Correction factor for diffuse irradiation, Kd =0,925 will be used

K, =1-(tan(B8/2))? Correction factor for direct irradiation

p = angular dependent coefficient, value introduced p = 4

o = coefficient for temperature dependence of PV-module = -0,4%/ C for crystalline Silicon, value

introduced o¢ = 0.004

Apy.sysrew = Area of the solar panels of the PV-system (Karlsson, 2022)

2.5.1.1 Calculation of the angle of incidence towards module and horizontal

For the calculation of incidence 0 Eq.17 and solar altitude as Eq. 19 some previous calculations have

been done. Calculations for solar time, hour angle ®, and declination & using Eq. 12 — Eq.16 .

2.5.1.2 Calculation of the irradiation on the modules

Eq. 3 is used for the calculation of direct or beam radiation G, on modules taken into consideration
the input data received, diffuse horizontal radiation G, and global horizontal radiation G,. Eq. 6 is
used for the calculation of the diffuse radiation G4 on modules what means that the anisotropic model
has been chosen. Eq. 10 is used for the calculation of the ground radiation on modules G,. And Eq. 11
is used for the total radiation G.
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2.5.1.3

Estimation of the temperature of the module

The temperature of the module is estimated by the program using the following equation.

No— 1M
h

Teen = Tambient + G *

1N = Efficiency of modules

h = Heat transfer coefficient for heat

value introduced h = 20 W/ (m**K)

n, = thermal solar absorption of the PV modules

Eq. 23

losses between modules and ambient,

(Karlsson, 2022)
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3 Method

This project is a case study that will be carried out at the University of Gavle, specifically in building
45 (60° 40' 3.558" N, 17° 6' 47.6028" E), were different types of photovoltaic solar panels are
located. Among these, the study will be realized on the Eoplly 190 Watt Solar Panel of
monocrystalline type tilted 45° and with an azimuth solar angle of 0° (e.g., facing south). The data
available of the electricity generation consists of data from April 2021 to February 2024 and three
different files have been provided, in which data is recorded every minute, every 10 minutes and
every day. In addition to the electricity production, these files also contain the radiation data obtained
from the three pyranometers located just 15 meters away from the photovoltaic panels. These
pyranometers measure the horizontal global radiation, diffuse horizontal radiation, and one of them
is tilted 45° and with an azimuth angle of -12.5° measuring the global radiation. Radiation data will
be changed to hourly data and together with temperature data they will be introduced in the
WINSUN software based on Microsoft Excel to compare the measured data with the pyranometers
with the electricity produced. Other types of studies could have been performed, but the most
convenient is the one chosen because in this way we can better reach the conclusions we are seeking

of making an accurate and reliable climate file for the city of Gavle.

3.1 PV installation

3.1.1 Location

The place where this case study has been carried out is the building 45 of the University of Gévle, a
city in the center of Sweden. The exact coordinates of the building's location are (60° 40' 3.558" N,
17°6'47.6028" E) in degrees, (60.67 N, 17.11 E) in decimal. Located in Sweden, Gavle has a climate
with four distinct seasons. Winters bring frigid temperatures averaging around freezing and frequent
snowfall. Summers provide mild temperatures. Precipitation is a constant throughout the year, with
rain more common during the warmer months and snowfall in winter months. Overall, Gavle offers

a clear contrast between cold, snowy winters and milder, wetter summers.
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Figure 17 Location of the study

Figure 17 shows the exact location of the study, the one of the city of Givle and the one of the
building 45 in the university.
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3.1.2 Solar panels

The solar panels used in this study are the Eoplly 125M/ 72 (195 W), some monocrystalline solar
panels, whose data sheet can be seen in Appendix A. The PV-system located in building 45 consists
of 6 solar panels giving a total of 1.17 kWp, which are oriented perfectly to the south, with an azimuth

angle ¥ of 0° and tilted 3 45°.

Figure 18 PV-system quui]ding 45 in the university quéiV]e

3.1.3 Inverter

The inverter used in the PV-system in charge of changing from DC to AC is one of the brand SMA
Solar Technology and the model is SUNNY BOY 1200. The data sheet for this inverter can be found

in Appendix A.

Figure 19 SUNNY BOY 1200 inverter(Solar Technology, n.d.)
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3.1.4 Pyranometers

A pyranometer is an instrument for measuring the total hemispheric solar radiation or global radiation

(direct plus diffuse radiation), usually on a horizontal surface. (Duffie et al., 2020.)

Next to the PV-system studied, three different pyranometer are located, giving each of these ones
different values. Figure 20 shows two different pyranometers, the one placed on the left
(pyranometer 2) is in charge of measuring the total radiation towards a horizontal surface G, The one
on the right (pyranometer 1) measures the total radiation towards a tilted surface, with a tilt of f = 45°

and an azimuth angle of y = -12.5° (12.5° to the East) which corresponds to the direction of the
building.

Figure 20 Pyranometers in building 45 measuring total radiation in a horizontal surface and in a tilted surface

When shaded from direct radiation by a shading ring or disk, a pyranometer measures diffuse
radiation. Which exactly are the measurements that the third pyranometer (pyranometer 3) takes
(Figure 21). The pyranometer is shaded from the beam radiation and it allows the recording of diffuse
radiation without the necessity of continuous positioning of smaller devices (Duffie et al., 2020.).
The position of the shaded ring is to be changed weekly in order to get accurate data of the diffuse
radiation. As the ring shades from part of the diffuse radiation a correction factor should be
introduced, oscillating from 1.05 to 1.2 (Drummond, 1956). In this study this correction factor will

be neglected because it will not affect the results in a major way. The data obtained with this

pyranometer is the diffuse radiation towards a horizontal surface Gd h-

Figure 21 Pyranometer with a shading ring taking diffuse radiation

Measurements obtained with the pyranometers have been later introduced in the WINSUN program.
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3.2 Data collection

3.2.1 Data logger

The data logger responsible for recollecting all the data from the PV-system and the pyranometers is
the Data logger Cambell Scientific CR 1000 (Figure 22). This logger will give the data of the energy
output of the PV-system in kWh, and data from the three pyranometers measuring Gg,, Gy and
Gyso 125 (tilted surface). The logger provides data for different time intervals, for every minute, for
every ten minutes and for every day. In this work we will use the file that collects data per minute to

transform it into hourly data and thus be able to enter them into the WINSUN program.

@ CR1000  [H)sameess

Figure 22 Data logger Campbell Scientific CR 1000 (CR1000: Measurement and Control Datalogger,
2007.)

3.3 Climatic data

3.3.1 Temperature data

Temperature data from building 45 was provided, but due to the lack of data in a lot of different
hours, it was decided to look for an alternative. This alternative consisted in taking temperature
values from the Swedish Meteorological and Hydrological Institute (SMHI) website which provides
hourly values. In the absence of certain temperature values again in this file, it was decided to make
a linear approximation, giving the average temperature value between the previous and following
hour in the hours when no data was available. Figure 23 gives a perspective of the distance between
the SMHI meteorological station (Gévle A) and the university of Gavle where the photovoltaic

installation under study is located.
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Figure 23 Location where temperature data was collected (Ladda Ner Meteorologiska Observationer |
SMHI, n.d.)

3.3.2 Snow data

Snow data has also been taken from the same website SMHI and same location (Gévle A). The
collected data is given in meters as daily data and will give the possibility of comparing PV production

with snowfall.

3.4 WINSUN program

As has been stated before, the WINSUN program is a Microsoft Excel based program developed in
the University of Gévle in 2001. The program is based on many years of long-term measurements
and efficient modeling of both solar radiation, solar thermal and photovoltaic yields dating back to
the 1970s. WINSUN PV has been based on a version used and validated from 2001 at the Technical
University of Denmark (DTU) in Copenhagen for estimating the energy yield from large solar

thermal systems to district heating.

Instead of using the WINSUN website the software will be used directly, to enable more precise
results. Some input data must be introduced, detailing the characteristics of the location and of the
PV-system as well as some climate data, such as, hourly data of temperature, horizontal diffuse
irradiance and global horizontal solar irradiance. After introducing the input data, the energy output

for each of the months of the year is obtained.

The calculation model for solar production was developed by Bjérn O Karlsson and Bengt Perers

from the University of Gévle.

3.4.1 Input data

Table 1 shows some of the input data that has been introduced, the PV-system illustrated in Figure
18 has the values of 8 and Y represented in the table. Py has taken the value 0.1 because asphalt is the

material of the ground that surrounds the installation. The most typical value for the horizontal

shading has been selected.
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Table 1 PV input datafor the studied localization

PV local input data Value Unit
Tilt (B) 45 °
Direction, azimuth (}) 0 °
Ground reflection (pg) 0.1 ®
Horizontal shading 10 °

Table 2 displays the values of the maximum peak power of the 6 solar panels, each of them has

195 Wp. Each of the solar panels’ area is 1 m’. And the system efficiency displayed corresponds to

the electrical system efficiency including inverter MPP tracking and DC/AC conversion plus losses

in cables and any module MPP electronics etc.

Table 2 Characteristics of the PV modules

PV system input Value Unit
Pmpp 1.17 kWp
Area of modules 6 m’
System efficiency 0.912 -

Other interesting values that have been entered are the values of latitude and longitude of

the PV- installation, which have been shown in 3.1.1. On the other hand, values from modules

encapsulate other input data that has been entered into the program taking the most common possible

values (Table 3).
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Table 3 Detail input datafor the PV modules

Detail input data Value Unit

no thermal solar absorption 0.9 -

h heat loss coefficient 20 W/(m’K)
p angle-dependent coefficient of | 4 -

direct sunlight

Kd diffuse acceptance coefficient | 0.925 -
Coefficient  for  temperature | 0.004 1/K

dependence

3.5 Diffuse radiation towards a horizontal surface G,

3.5.1 Processing of data entered into WINSUN in 2023

The first data analysis was carried out for the year 2023. One of the problems identified in the study
was the inaccuracy of measurements of diffuse radiation towards a horizontal surface. Figure 24
depicts both Gy ,and G, during the year 2023, four zones within the graph are the most striking ones.
In these zones the diffuse horizontal radiation takes similar values to the global horizontal radiation,
what means that in the dates this has happened the shading ring of pyranometer 3 has not been correctly
placed. The shading ring as stated in 3.1.4 should prevent direct radiation from directly impacting
the pyranometer, so that it only captures the diffuse radiation when in shadow. Nevertheless, as the
shading ring has not been correctly placed, the values of the horizontal diffuse radiation and the
horizontal global radiation coincide in the rounded areas, the pyranometer 3 in those moments has

registered values higher than those that should correspond to it. Data from pyranometer 3 should be

adjusted.
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Figure 24 Comparison between the G, and the Gy, in 2023 in HiG (Measurements taken by the pyranometers 2
and 3)

In order to adjust the value of the Gy}, a series of calculations have been developed. The equations
that have been used for the calculations have been previously explained in section 2.4.3.1-2.4.3.4.
Eq. 24 shows the formula to obtain G4, dependent on different parameters. Due to the small expected

value for ground reflected radiation G, it has been decided to neglect this term.

G-G*R Eqg. 24
Gd,h = —F———
! 1+ cos(B)
(Tﬁ> _R
_ cos(6) Eqg. 25
~ cos(6,)

R = Geometry factor

In Eq. 24 data collected from pyranometer I has been introduced as G, being the solar global radiation
measured at f = 45°and y = -12.5°, and data collected from pyranometer 2 has been introduced as
Gy, Once the results were obtained, certain errors in the summer months were appreciated since in
these months the value of the denominator of Eq. 24 picked up values close to 0 which made the
values for Gy, shoot up (Figure 25). This led to the need to apply further adjustments to the horizontal
diffuse radiation values. What is interesting is that for the areas where Figure 24 showed errors due

to shading ring misplacement, Eq.24 projects more accurate G, values.
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Figure 25 Comparison between measured diffuse horizontal radiation and calculated one with Eq. 24 in 2023

After observing the errors in Figure 25, the next adjustment consisted of comparing both calculated
and measured values and determining as valid the one with values less than half of the global horizontal
radiation Gy,. In the case that neither of the two values was less than half of the global horizontal
radiation G, or the calculated values of Gy, were negative, the measured values were chosen as the

default values.

Gq Eq. 26

The diffuse fraction F; was decided to be limited as 0.5 in the adjustments showed above, due to a
study carried out by (Jamil & Akhtar, 2017)in which they were testing different models for the
estimation of the G4 and they obtained average values for the three years studied of Fy = 0.37.

Figure 26 illustrates how the shape of the diffuse horizontal radiation profile changed after the
adjustments were made. The main peaks that could be seen in the months of March and October have

been reduced. These could have caused major alterations in the desired results of PV energy obtained.
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Figure 26 Comparison of the measured diffuse horizontal radiation and the adjusted one in 2023

Figure 27 illustrates both global horizontal radiation Gy and adjusted diffuse horizontal radiation Gy .
As explained above, the errors due to the poor positioning of the shading ring in March and October
have been corrected and can be seen by comparing Figure 24 with Figure 27. However, looking at
Figure 27 it can be seen that certain peaks existing at certain times, these will be disregarded due to
the little influence they will have on the results. During the winter period, similar values are still seen
between the horizontal diffuse radiation Gy and the horizontal global radiation Gy. Since it has little

influence on the results, the input data G, entered in WINSUN will remain as they are.
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Figure 27 Comparison of the global horizontal radiation with the adjusted diffuse horizontal radiation in 2023

Figure 28 and Figure 29 illustrate monthly data of global, diffuse, and direct horizontal radiation for
the year 2023. Figure 28 shows monthly data where it can be seen how in the last months of the year
and mainly in March, due to the poor adjustment of the shadowing ring, the diffuse radiation exceeds

the direct or beam radiation. This problem is solved as can be observed in Figure 29.
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Figure 29 Monthly data for Gy, Gy, Gy, with adjusted data 2023
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3.5.2 Processing of data entered into WINSUN in 2022

Data for the year 2022 was processed in the same way as it was done with the data corresponding to

2023. Similar to Figure 24, Figure 30 presents time lapses (rounded zones) in which the shading ring

has not been correctly placed and the horizontal diffuse radiation values are similar to those of the

global horizontal radiation. Therefore, it was proceeded to perform the same calculations as for the

year 2023.
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Figure 30 Comparison between the G, and the G, in 2022 in the HiG (Measurements taken by the
pyranometers 2 and 3)

After making calculations with Eq. 24 the results obtained were the ones presented in Figure 29.
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Figure 31 Comparison between measured diffuse horizontal radiation and calculated one with Eq. 24 in 2022
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Using the values of both series new values were obtained for Gy, with the same adjustments done in
2023 data. Figure 32 illustrates how the profile of the adjusted diffuse radiation does not have the
peaks of the end of February and beginning of August.
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Figure 32 Comparison of the measured diffuse horizontal radiation and the adjusted one in 2022

Figure 33 depicts both global horizontal radiation Gy, and adjusted diffuse horizontal radiation Gy,
Less peaks than in Figure 27 can be observed, which apparently could lead one to believe that the

results obtained for the year 2022 will be more accurate.
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Figure 33 Comparison of the global horizontal radiation with the adjusted diffuse horizontal radiation in 2022
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As it can be observed in Figure 34 and in a similar way as it has happened in 2023, there are certain

months in which the Gy, is higher than the G, Figure 35 illustrates how this values of G have been

adjusted.
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Figure 35 Monthly data for G, Gy, Gy, with adjusted data 2022
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3.6 Comparison between Gasso/-12.5c measured and
simulated

In order to be able to determine the PV output, it must be checked whether the input values after
adjustment result in accurate values. Therefore, it has been decided to compare the radiation data at
B =45 and y = -12.5° detected with the pyranometer 1 with the radiation data obtained with the
WINSUN program with the parameters established in section 3.4.1. Figure 36 and Figure 37
perfectly show the correlation between both data, despite the months of January and December. This

could be due to the value introduced for the horizontal shading because it neglects the radiation when

as is lower than it.
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Figure 36 Comparison between G s, ;, ;»measured and simulated in 2022
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Figure 38 illustrates the months in which disparities between measured and simulated data are higher.

With 78% less radiation in simulated data in both January and December in 2022.
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Figure 38 Difference between Gys./ ;, s-measured and simulated in January and December 2022

Figure 39 shows that simulated data is 57% less in January and 76% less in December with respect to

the measured values.
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Figure 39 Dgfference between G45°/-12.5° measured and simulated in January and December 2023

3.7 Statistical comparison

The results obtained with the method shown above will be evaluated and compared using different
statistical methods. There are different studies in which experimental values are compared with
values obtained by different models created such as (Torres et al., 2010), in which statistical methods
for the determination of errors are used, Mean Bias Difference (MBD) and Root Mean Square

Difference (RMSD).
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After doing some research, it has been seen that due to the lack of precision of the error evaluation
of these methods, other studies have decided to use different statistical methods (Gueymard, 2014).
With this in mind, (Behar et al., 2015; Despotovic et al., 2015; Jamil & Akhtar, 2017)decided to
introduce the global performance indicator (GPI) which is a combination of five statistical methods.

The equations that have been used for the determination of the GPI can be found in Appendix B.

3.8 Other sources for PV output

In order to validate the results obtained above and to confirm their accuracy, different data sources

and web pages for the calculation of the PV output will be used.

3.8.1 Photovoltaic Geographical Information System (PVGIS)

PVGIS is one of the sources that will be used, which is a website that is able to give information about
a PV-system performance in almost any place in the world. This website calculates the radiation of
the place where the study is being carried out with satellite images, which mainly evaluate the
influence the effects of the clouds in the radiation received and it is said to have a resolution of 30 km
(PVGIS Data Sources & Calculation Methods - European Commission, 2020.).

To obtain the results of the PV output with PVGIS the database used was PVGIS-SARAH2, whose
data has been validated with several ground stations. Crystalline silicon panels were selected as PV
technology with 1.17 kWp, 16% of system efficiency, free-standing mounting position, B =45°and
Y = 0° (JRC Photovoltaic Geographical Information System (PVGIS) - European Commission, 2022.).

3.8.2 STRANG data entered into WINSUN program

The other database with which the data is to be compared is STRANG database. STRANG data is
obtained by producing instantancous fields of global radiation, UV radiation and direct radiation with
a resolution of 2.5 x 2.5 km and a temporal resolution of one hour. This model covers the Nordic
countries (STRANG, 2006.). STRANG data will then be entered into the same WINSUN program

used to extract the PV output with the radiation values collected with the pyranometers.

3.8.3 WINSUN website

The latest PV output data with which comparisons will be made are the results obtained from the
WINSUN website. The software of this website is the same one as the one used in this thesis.
However, the results will be different from those used in this thesis because from this website the
location and radiation data are less accurate. This PV output calculator uses twelve SMHI weather
stations as databases and depending on the entered postal code the program will select the closest
weather station. The climate file used for Gavle in WINSUN is Borlinge, which is situated 110 km
to the west of Gévle with a global horizontal irradiation of 957 (kWh/m? year). Apart from the postal
code (801 76), other data will be introduced, B =45 and Yy =0° albedo=0.25,
horizontal shading =10° Pyp = 1.17 kWp and Apy system = 6 m2.
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4 Results

4.1 Comparison of results with different data sources
and solar production calculations softwares
4.1.1 Measured and simulated PV output comparison

Once the necessary data was obtained and entered into the WINSUN program, the PV output was
extracted with the program in order to compare the results with the PV output data collected with
the datalogger with the objective of validating the diffuse radiation adjustment method. In both Figure
40 and Figure 41 both measured and simulation data are compared. The results look extraordinarily

accurate.
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Figure 40 PV output comparison between 1.17 kW PV-system output and the simulation with WINSUN
entering radiation data collected in Building 45 for 2022

In order to show the numerical difference between the data Table 4 and Table 5 are depicted.
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Table 4 PV output comparison between 1.17 kW PV-system output and the simulation with WINSUN entering
radiation data collected in Building 45for 2022

. B . 5 o 5 5
£ ] s 8 z g ¢ =z & & 5 £ £ =
§ g 5 s g = 5 3 ¥ 2 g g g kS
= s & = < § s = &
o]
2
e E
é E 24.4 66.4 145.3 163.1 176.8 1644 1587 1454 94.3 85.6 13.1 1.3 1238.8
B
=
o

PV Energy
Winsun [kWh]

6.6 65.3 153.8 170.4 179.9 166.5 161.3 148.4 101.4 88.6 11.2 3.6 1257.0
E
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Figure 41 PV output comparison between 1.17 kW PV-system output and the simulation with WINSUN
entering radiation data collected in Building 45 for 2023
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Table 5 PV output comparison between 1.17 kW PV-system output and the simulation with WINSUN entering
radiation data collected in Building 45for 2023

Month
January
February
March
April
May
June
July
August
September
October
November
December
Total

energy_Tot(5)
[KWh]

21.7 59.0 105.0 155.1 1906 1925 143.0 1056 110.1 60.3 2.6 2.8 1148.4
=
B2
E g 11.2 57.7 116.1 1614 1922 1912 1474 1118 1164 66.4 6.1 3.4 1181.2
zE
=
:\é 48.58 2.15 10.62 4.04 0.81 0.68 3.02 5.86 5.68 10.02  132.95 21.78 2.85

Although the results in both years show a high similarity in the shape of the curve, in both cases the
PV energy output is slightly higher in almost all months. This means that some of the input parameters
entered into WINSUN need to be adjusted to increase accuracy. These parameters can be found in

section 3.4.1.23

Before adjusting the parameters, some comparisons will be made with data extracted from the

sources shown in 3.8.

4.1.2 Comparison with results obtained with PVGIS

Figures shown below (Figure 42 and Figure 43), are used to illustrate how the measurements
compare to those obtained using PVGIS. The difference between the two curves is more than notable
for both years. On the one hand, it is due to the fact that the measured values are for specific years
(2022, 2023) while the values obtained with PVGIS have been calculated with mean radiation values.
To obtain the results of the PV output with PVGIS as has been stated in section 3.8.1 the database
used was PVGIS-SARAH2, whose data has been validated with several ground stations.

Having different weather files highlights the impact they have on the results. In the summer months
the real solar production is much higher than that simulated with PVGIS, while in the months of

November and December it is lower due to the snow deposited on the PV panels.
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4.1.3 Comparison with STRANG data entered into WINSUN program

In order to carry out the following figures (Figure 44 and Figure 45), global radiation and diffuse
radiation values obtained from the STRANG database have been entered into the WINSUN software.
The data presented by the database presented errors on certain days. Radiation values of - 999 W/m?
were presented on one day in 2022 and on four days in 2023 which was having a major impact on
results. After locating the days on which the data were erroneous, it was decided to replace the values
for these days with the radiation values collected with the pyranometers in building 45 at HiG. The

temperature data introduced has been the one extracted from Gévle’s weather station of the SMHI.

In contrast to the curves produced by PVGIS software and although one could think that combining
different locations in order to collect data could cause inaccurate results, the curves in Figure 44 and
Figure 45are very similar in shape to the measured data. These similarities are due to the fact that the
radiation data has been collected every year, so the data entered are those corresponding to the years
2022 and 2023. In the year 2022 the curves are very similar, but it is in 2023 when the data for each
month of the year are close to being identical. If it were not for the failures in data collection, one
could say that the STRANG database is very reliable.
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Figure 44 PV output comparison between 1.17 kW PV-system output in building 45 of the HiG and the
simulation with STRANG data entered into WINSUN for 2022
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Figure 45 PV output comparison between 1.17 kW PV-system output in building 45 of the HiG and the
simulation with STRANG data entered into WINSUN for 2023

4.1.4 Comparison with WINSUN website results

Figure 46 and Figure 47 illustrate the curves of the measured data and the results with the WINSUN
website having entered the parameters shown in 3.8.3. The file created by WINSUN after inserting
the data contains two different curves, one taking into account the horizontal shading and the other
one without it. Observing the graphs it can be concluded that not taking into consideration the
horizontal shading causes more accurate results in the winter months when the solar altitude (cts)

values are lower.
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Figure 46 PV output comparison between 1.17 kW PV-system output in building 45 of the HiG and the
simulation with WINSUN data for 2022
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Figure 47 PV output comparison between 1.17 kW PV-system output in building 45 of the HiG and the
simulation with WINSUN data for 2023

4.1.5 Statistical errors of the results

Table 6 and Table 7 display the results of the statistical errors between measured and predicted data.
As has been explained before, instead of focusing just on one type of statistical error a group of them
will be taken into consideration to be able to state with certainty that one model is better than
another. Thereby the factor to be taken into account will be the GPI which is a combination of the

rest of factors. The calculation model will be more accurate the closer the GPI is to zero.

Table 6 Statistical errors of the estimations of PV solar production in the building 45 of the HiG in 2022

Model MBD RMSD Uss T R? GPI

PV energy Winsun 1.47% 6.51% 17.83% 0.74% 0.99 8.81E-09
Energy_output_PVGIS -14.43% 21.07% 51.11% 3.02% 0.96 -1.97E-05
Winsun_STRANG_data -8.74% 11.26% 26.10% 3.95% 0.99 -9.94E-07
Winsun_web_unshaded -0.77% 12.83% 35.52% 0.19% 0.96 -2.46E-08
Winsun_web_shaded -6.57% 13.19% 34.23% 1.85% 0.96 -1.99E-06

For the year 2022 Table 6 the best results (GPI = 8.81E-09) have been achieved with the PV energy
WINSUN model, with the radiation data collected with the pyranometers, temperature data from
SMHI and PV energy production calculated with WINSUN.
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Table 7 Statistical errors qfthe estimations @FPV solar production in the building 45 gpthe HiG in 2023

Model MBD RMSD Uss 1L R? GPI

PV energy Winsun 2.85% 6.22% 16.32% 1.79% 0.99 3.09E-08
Energy_output_PVGIS -7.69% 23.16% 62.41% 1.22% 0.92 -1.03E-05
Winsun_STRANG_data -4.14% 8.12% 21.00% 2.05% 0.99 -1.43E-07
Winsun_web_unshaded 7.04% 23.90% 64.79% 1.07% 0.89 1.23E-05
Winsun_web_shaded 0.78% 22.14% 61.34% 0.12% 0.89 1.41E-07

For the year 2023 (Table 7) the best results (GPI = 3.09E-08) have been achieved with the PV energy
WINSUN model again, what makes it the most accurate model.

4.2 Effect of altering the parameters

Once it has been demonstrated how using the presented climate file and entering it into the WINSUN
program has provided the most accurate values for the estimation of solar PV production, certain
parameters of the input data will be altered, in order to further adjust the results to the real values.
The parameters inserted for the first estimation were average values, so there is still room for
improvement. The first model will be used as reference and from this the various changes will be

made.

Looking one by one at the PV production of the months it has been concluded that the values for the
months of January and February should be higher in both 2022 and 2023 and the values for the rest
of the months should be slightly lower (Figure 40 and Figure 41).

4.2.1 Effect of the diffuse acceptance coefficient Kd

In the first approximation, the value of Kd = 0.925 has been used, which may be higher than usual.
Since for most months the values obtained with WINSUN are higher than those recorded, we will
try to reduce this value so that the diffuse radiation portion is reduced and thus the total electrical

output. The reduction has been made to Kd = 0.9.
Table 8 and Table 9 show a reduction in Kd has made more accurate the results as it was predicted.

Table § Statistical errors of the estimations of PV solar production in the building 45 of the HiG in 2022
changing Kd

Model MBD RMSD Uss T R? GPI
PV energy Winsun 1.47% 6.51% 17.83% 0.74% 0.99 8.81E-09
PV Winsun (Kd =0.9) 0.94% 6.27% 17.29% 0.49% 0.99 3.52E-09

Table 9 Statistical errors of the estimations of PV solar production in the building 45 of the HiG in 2023
changing Kd

Model MBD RMSD Uss 1T R? GPI
PV energy Winsun 2.85% 6.22% 16.32% 1.79% 0.99 3.09E-08
PV Winsun (Kd =0.9) 2.27% 5.86% 15.63% 1.46% 0.99 1.79E-08

4.2.2 Effect of the system efficiency

Due to the fact that the elements that are part of the photovoltaic installation have been in operation
for several years, their efficiency may have been reduced. Therefore, the system efficiency value will

be reduced to 0.9 in order to adjust the values obtained with WINSUN to the measured values.
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Table 10 Statistical errors qfthe estimations cerV solar production in the building 45 (yfthe HiG in 2022
changing system efficiency

Model MBD RMSD Uss 1T R? GPI
PV energy Winsun 1.47% 6.51% 17.83% 0.74% 0.99 8.81E-09
System efficiency = 0,9 0.14% 5.87% 16.26% 0.07% 0.99 6.62E-11

Table 11 Statistical errors of the estimations of PV solar production in the building 45 of the HiG in 2023
changing system gﬁriciency

Model MBD RMSD Uss T R? GPI
PV energy Winsun 2.85% 6.22% 16.32% 1.79% 0.99 3.09E-08
System efficiency =0,9 1.50% 5.50% 14.96% 0.98% 0.99 7.23E-09

4.2.3 Effect of the horizontal shading

The alteration of the above parameters has been done with the objective of reducing the PV output
in most of the months. However, with the change of horizontal shading we will try to increase the
PV output in the first months of the year, without increasing it a lot in the rest of the year. The
horizontal shading value will be changed from 10° to 7°.

Table 12 and Table 13 illustrate how reducing the horizontal shading, the GPI has increased, what
means that the simulation is now less accurate. Nevertheless, the value of the R? shows a value of 1.0

meaning that the tendency of the values is the same for both measured and simulated data.

Table 12 Statistical errors of the estimations of PV solar production in the building 45 of the HiG in 2022
changing horizontal shading

Model MBD RMSD Uss 1T R? GPI
PV energy Winsun 1.47% 6.51% 17.83% 0.74% 0.99 8.81E-09
Horizontal shading = 7° 4.85% 6.15% 14.14% 4.13% 1.00 6.33E-08

Table 13 Statistical errors of the estimations of PV solar production in the building 45 of the HiG in 2023
changing horizontal shading

Model MBD RMSD Uss 1T R? GPI
PV energy Winsun 2.85% 6.22% 16.32% 1.79% 0.99 3.09E-08
Horizontal shading = 7° 5.36% 6.86% 15.84% 4.35% 1.00 1.02E-07

4.2.4 Most accurate model

Observing the results of the previous sections, it can be concluded that mixing the changes of these

three parameters, Kd, system efficiency and horizontal shading can make a really accurate model.

A reduction of the horizontal shading mainly increases the results in the months when the altitude
values are low, but also increases the PV output in the other months. For this reason, it was decided

to use values of Kd = 0.875 and system efficiency = 0.875.

Table 14 and Table 15 show how all the statistical errors show better values than the first
approximation, improving a lot the value of the GPI. Moreover, they show how changing the three

parameters has caused the best approximation.
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Table 14 Statistical errors qfthe estimations (erV solar production in the building 45 (yfthe HiG in 2022
changing three parameters

Model MBD RMSD Uss L R? GPI
PV energy Winsun 1.47% 6.51% 17.83% 0.74% 0.99 8.81E-09
All measures 0,875/0,875/7° -0.41% 4.31% 11.93% 0.31% 1.00 -2.70E-10

Table 15 Statistical errors of the estimations of PV solar production in the building 45 of the HiG in 2023
changing three parameters

Model MBD RMSD Uss m R? GPI
PV energy Winsun 2.85% 6.22% 16.32% 1.79% 0.99 3.09E-08
All measures -0.02% 5.48% 15.18% 0.01% 1.00 -1.06E-12

0,875/0,875/7°

Figure 48 and Figure 49 depict both measured values of PV output and simulated PV output with
WINSUN after adjusting the parameters, horizontal shading, Kd and system efficiency. It represents

the most accurate approximation.
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Figure 48 Comparison between measured and simulated data after adjusting parameters 2022
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Figure 49 Comparison between measured and simulated data after adjusting parameters 2023

4.3 Overall results

Table 16 and Table 17 illustrate some of the main results of the analysis done in this project. It can

be observed how the diffuse horizontal radiation has been corrected and the similarities between

measured and the simulated data in terms of radiation and PV production.

Table 16 Overall results for 2022

Month Measured Measured Corrected Measured Simulated Measured Simulated
global diffuse diffuse global 45°/- global 45° PV- PV-
horizontal horizontal horizontal 12,5° south electricity electricity
[KWh/m?] [KWh/m2] [KWh/m2] [KWh/m2] [KWh/m2] [KWh/KWp] [KWh/kWp]
January 9.86 5.19 5.13 28.21 20.89 20.89 18.06
February 30.38 23.57 12.49 68.46 72.70 56.78 61.48
March 84.25 29.56 25.01 147.22 156.48 124.15 127.94
April 131.08 43.11 40.52 167.55 172.82 139.41 138.43
May 172.37 59.22 56.12 185.26 186.13 151.15 145.38
June 178.54 62.59 58.63 176.28 176.64 140.51 134.34
July 166.43 66.46 60.74 168.78 170.57 135.61 130.08
August 132.92 59.54 47.07 154.64 159.27 124.27 119.87
September 73.08 37.82 33.33 97.85 104.15 80.59 82.62
October 43.76 19.89 17.91 86.74 93.27 73.14 76.21
November 8.96 7.77 6.59 15.94 15.80 11.23 13.20
December 5.52 5.51 4.13 14.48 3.26 1.07 2.79
Total 1037.17 420.25 367.68 1311.43 1331.98 1058.79 1050.38
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Table 17 Overall results for 2023

Month Measured Measured Corrected Measured Simulated Measured PV- Simulated PV-
global diffuse diffuse global 45°/- global 45° electricity electricity
horizontal horizontal horizontal 12,5° [kWh/m2] south [kWh/kWp] [kWh/kWp]
[KWh/m?] [kWh/m2] [kWh/m2] [kWh/m2]

February 28.09 13.69 12.64 62.63 63.46 50.40 53.94

April 120.91 36.39 33.71 158.27 164.11 132.59 131.27

June 205.41 57.96 55.65 207.62 203.83 164.54 154.71

August 101.32 53.37 49.88 111.83 115.82 90.24 89.76

October 35.75 19.65 17.07 63.10 67.41 51.56 55.52

December 4.22 4.01 2.98 12.77 3.05 2.38 2,63

4.4 Different factors influencing the PV performance

4.4.1 Influence of the snow in the PV performance

As the study was carried out in a Nordic country, specifically Sweden, it is important to emphasize
the influence of snow on the performance of solar panels. Figure 50 illustrates both snow depth and
PV output of the solar panels for years 2022 and 2023. Snow has a lot of influence in the performance
of the PV panels owing to the fact that it covers the solar panel disabling them to receive the total
radiation available. The worst years for PV production are November and December. In these months

the effects of the snow and the low number of hours of sunlight reduce production.
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Figure 50 Snow depth and PV output representation for years 2022 and 2023
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With Figure 50 is difficult to evaluate the effect that the snow has in the PV output, owing to the lack
of radiation information. Apart from the snow depth and the PV output Figure 51 also illustrates the
daily radiation received in the building 45 of HiG with a tilt of 45° with an azimuth of -12.5°. Figure
51 shows how snow mainly reduces the PV output with respect to the radiation received in the
months of November and December. Despite the fact that from January to May there is still snow,

the performance of the solar panels is less affected by it.
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Figure 51 Snow depth and PV output representation together with total radiation with a B = 45° for years
2022 and 2023

As can be seen in Figure 52, there are sometimes in which panels are partially covered. In these cases,

PV output is partially reduced but not completely.

Figure 52 Solar panels covered by snow in the PV system of HiG
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5 Discussions

The primary objective of this study, which was to create a climate archive to facilitate the estimation
of solar PV production, has been successfully achieved. Total radiation data, temperature data, and

diffuse radiation data have been obtained and adjusted.

In order to validate this climate file, temperature data had to be extracted at the studied location and
data from three different pyranometers had to be extracted. The problem was that there were times
when the horizontal diffuse radiation did not present real values because the ring had not been
correctly positioned to shade the radiation sensor and receive only diffuse radiation. Using the
radiation data from Pyranometer 1, Pyranometer 2 and Eq. 24, actual horizontal diffuse radiation data

were obtained.

In contrast to other studies that attempted to determine diffuse radiation by means of mathematical
models (Jamil & Akhtar, 2017; Torres et al., 2010) , using experimental data to create and validate
them, in the case studied it was decided to combine data extracted directly from measured horizontal
diffuse radiation with calculated data. It is possible that the method chosen for the determination of
Gy may not have been the most accurate, given that in some months the data have shown more
accurate data with unaltered Gy, data. However, in general, the results are improved when the Gy,

values are adjusted.

Since some data has been interpolated (temperature and radiation at certain hours), the results are
not exactly what you would expect, but are close enough to validate them. Figure 29 and Figure 35
show a much more realistic shape of the curves for G;. Gqy. Gy, values. Another factor that could
have affected the results is the years that the devices of the PV system (inverter, solar panels, cables)
have been functioning. However, Figure 36 and Figure 37 in section 3.6 illustrate how the
pyranometers used and the simulation program WINSUN show similar results despite the inaccuracy
in some of the winter months due to the horizontal shading value set as input, which has been later

adjusted.

The comparison between the data developed in this thesis and data coming from different databases
and PV calculator software such as PVGIS, STRANG and WINSUN website has allowed to present

the results as the most accurate for the location studied.

Graphical comparisons have been of great help, however, the use of statistical error analysis has
allowed the study of the accuracy of the data to be improved. Values of the rMBE or MBD (calculated
in percentage) better than the ones obtained in the study carried out by (Olczak, 2022) from 0 to 8%
have been obtained. In the studied case MBD have oscillated were 1.47% for 2022 and 2.85% for
2023 and after the parameter adjustments they have ended up being -0.41% and -0.02% respectively.
This can be due to the distance of 10 km between the pyranometer and the place of the PV panels in
Olczak’s study.

The implementation of the GPI used in the works (Behar et al., 2015; Jamil & Akhtar, 2017) as a
statistical method to determine the precision errors has been of great help in confirming the validation
of the data and allowing the accurate adjustment of the parameters. On the other hand, these
parameters have been adjusted considering the results and observing the trend of the curves that can
be seen in Figure 38 and Figure 39. Therefore, the parameter settings may not have been as accurate
as possible. For future studies, models could be run to determine what the values of these parameters

should be at the site studied.
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It would be interesting for future studies to have valid data of diffuse radiation measured over several
years in order to be able to make predictive models similar to the one of (Jamil & Akhtar, 2017).
Therefore, there would not be the necessity of moving the shading ring frequently, saving work and
increasing the reliability of the results. This would make it possible to get a especially accurate climate

file for the city of Gévle.
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6 Conclusions

6.1 Study results

Among the main results obtained in this project is the estimation of the horizontal diffuse radiation
by means of different adjustments considering the erroneous and correct values of radiation received
with the pyranometer 3 (pyranometer with the shading ring). Most of the values were correct, but
there were some erroneous values, which were corrected by means of Eq. 24. This equation considers
the values obtained by the other two pyranometers of the installation, pyranometer I and pyranometer 2,
which are responsible for recording the global radiation at 3 = 45°and y = -12.5° and the horizontal

global radiation, respectively.

It is complicated, but it is possible to generalize the method to estimate the Gy, of this project for
different studies, because measured and calculated data have been used at the same time. The problem
with this method lies in the failures in the recording of diffuse radiation data. In addition, when the
denominator of Eq. 24 gives results close to zero, giving very large Gy results, another estimation

method should be sought.

Entering the climate file generated in the WINSUN program we have obtained values very similar to
those of the PV energy obtained by the system of 1.17 kWp as can be seen in the following section
4.2.4.

The most accurate estimation was achieved after adjusting the values of system efficiency, Ky and
horizontal shading. If the system efficiency value is reduced, all monthly PV output values are reduced
in the same proportion. If the value of K, is reduced, the months in which the proportion of diffuse
radiation received is higher are the months in which the PV output will show proportionally lower
values. On the other hand, reducing the horizontal shading angle causes the PV output to be higher

in these winter months.

Comparing the radiation data received with the pyranometers, it shows higher percentage values in
the months when snow precipitation is frequent with respect to the energy produced by the panels.
This indicates the influence of snow, since the pyranometers have been cleaned more frequently than
the panels. However, the frequency of cleaning is unknown, so the influence of the snow on the PV

performance output cannot be determined in this case.

6.2 Outlook

As has been stated in section 5 it would be interesting to make a predictive model for diffuse radiation
to be able to have a more precise climate file. Another topic of research would be to adjust the
parameters inserted in WINSUN for a particular PV system to be able to accurately determine the

PV output based on these parameters.

Moreover, it would also be worth evaluating the influence of snow precipitation in this location, as
the Nordic countries are generally associated with high snow precipitation which can cause low PV
panel yields. However, these are countries where during the summer the daylight hours soar, leading

the PV panels to produce a large amount of energy in these months.
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The main objective, which was to obtain the most accurate climate file for the city of Gévle, has been
achieved. It will be provided to the University of Gévle to be made available to any individual who
wishes to study the possibility of any type of photovoltaic installation. Whether for industrial
buildings, office buildings or single-family houses. The WINSUN program together with the climate

file will provide accurate values of generated electrical PV power.

6.3 Perspectives

Setting this work in a broader view of energy systems and sustainability, it can be said that it will
facilitate and promote PV installations in the city of Gavle. reducing the emissions produced by non-
renewable energy generation. In addition, the installation of PV panels can also encourage people to
purchase electric vehicles because a PV installation allows to produce electric energy at a low price
considering only the installation costs and low maintenance costs. Moreover, it will help the visibility

of PV energy in a country where this technology is not very common but has great potential.

This study aligns with some of the Global Goals, (7" affordable and clean energy) providing cheap
clean energy to the individuals making PV installations, (8" decent work and economic growth)
enhancing the economic growth of sustainable companies in charge of building PV installations,
(11" sustainable cities and communities) fostering to build more PV installations what will make cities
and communities less dependent on electricity prices and more sustainable and (13" climate action)

reducing CO, emissions.
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Appendix A

e
EOPLLY

EOPLLY 125M /72 (190-200W)
Monocrystalline Solar Module

EOPLLY 125 Monocrystalline series solar modules are made of 72 pcs 125x 125mm
monocrystalline solar cells in series with high efficency, high transmission rate and
low iron tempered glass, anti-aging EVA and high flame resistant back sheet, and
anodized aluminum alloy. The modules have advantages of high efficiency, long
service life, easy to install as well as high wind and hail impact resistance.

Features and Benefits
Member of PV CYCLE Pass 5400 Pa Pressure Test

High efficiency
Outstanding low-light 10 years product guarantee
performance

Power warranties:
10 years (90%),
25 years (80%)

Applicable for on-grid and
24V off-grid system

Power tolerance +/
Three bypass diodes

Electrical Specifications

open circuit voltage Voc(V) 4490 45.20 4540
opxir.num operating voltage Vmp{(V) 37.08 37.70 3790
short-circuit current Isc(A) 5.55 5.57 5.59
optimum operating current Imp{A) 515 521 5.25
maximum p(w.',\;er at STC Pmax ll)O‘.'»i 195W 200W
module effciency 14.88% 15.27% 15.67%
opemmq‘empemue S ———— P S—r
mdxi‘v‘num system v&!tage o o 100(‘)\/ o o 10()&\/ e I.[)O\")\)
pressure resistance 227q steel ball falls down from 1m height under 60m/s wind

cal speciticat

raduction ¢

The slectrical data relate
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Current{)

EOPLLY 125M/72 (190-200W)

Monocrystalline Solar Module

ALL DIMENSIONS IN mim

Janstion bax_ @

Mechanical Characteristics
Solar Cell Mongcrystalling sikoon solar call 1251 25(mm)
MNoof Cells 72 (Ex12)

Dimensions  1580xB08x35(mm)

Wieight 16kg

Front Glass 3.2mm (0.13 inchas) tampared glass
Frame Anadized aluminum alley
Qutput

Cabla Typa P=dmm*

Lengihs L=B00rmim

Junction Box  PALGZX0B01MCA
Over-current protection ratinglA] : 104

Temperature Coefficients

Standard Temperature: 267

B00wim 2
—— B00wm?
— 400wim?

0 5 10 15 20 25 30 35 40 45 50
Valtage(V)

P"&LE C c E
() ecodirect

Morninal Oparating Cell Temperatura (NOCT) 4T+3°C
Temperature Coeflicient of Prmax -0.4450%°C
T ira G of Voo -0.38B2%°C
Temperature Coeflicient of 5o 0.0625%"C

Test Condition:AM1.5 1000WI/M®

Current{A)

0 5 10 15 20 25 30 35 40 45 50
Veltage{V)
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* Integrated ESS DC switch- * For indoor and outdoor installation * Tried ond tested technalogy * DC plag system SUNCLIX
* Suitable for g grownding . free, thanks 1o
= Golvanic isclaton convection cooling

SUNNY BOY 1200/ 1700 / 2500 / 3000

Proven technology for secure investments

Universally opplicable: the Sunny Boy inverters 1200, 1700, 2500 and 3000 are used in the most diverse AC grids thanks
to their galvanic isolotion. In addition, the devices are svitable for simple grounding of the g Their integrated ESS DC
switch-disc makes installation simpler while also reducing assembly costs. Equipped with the OptiTrac MPPracking
process, it will always find the best working point, even under dynamic weather conditions. In this way, it reliably converts
solar energy into solar yield.
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Technical deta

Input (B€]
Max. DC power [@ cos = 1)

Max. DT wolinge

MPP woliage range

D mominal wolioge

Min. DT vollogs / shart valloge

Mo inpui cuerent / per siring

Number of MIF iockers / sivings per M inocker
Ourput [AC)

AL nomisal power [& 230'¥, 50 Hz|

Miax. AC onpornl power
Meminal AC vellage; range

AL grid Ineqeency; range

Max. outpul curvent

Power focior [cos g

Pease condecion / conneclion phoses
Efficiency

Tiax. efficiency / Eveo-sia
Protection devices

DHZ servarse-pelarity profeciion

ES5 swinch discansciar

Miisa amission [hypical)

Iriesmal comsumaition |night]

Topalogy

Cealing concapd

Elacironics pacssction wting | connaction ame | par EC 80539
Climofic cotegery |per IEC S0721-3-4)

Foatures

DT connection: SUMNCLIX

ol ernracton: woress wrminal  plg connactr [ spangyps sl
Displary- faxt ina / graphic
Interfoces R5485 / Blesteath®
‘Wamonty: 5 010/ 15 7 20/ 25 yeos
Carilicoies ond permils

[mone availoble on necesi|

Surny Boy Sunny Boy
1200 L]
1320w 1850w
400V 400V

100V - 320% 147 ¥ - 320V
120 180
100V £ 120V 139,/ 180 W
124471244 12641264
172 1/2
1200 W 1550w
100 VA 1700 WA
220, 230, 240 V; 220, 230, 240V;
180V - 245V 180 ¥ - 245 W
50, 40 Hx; + 45 Hz 50,40 Hz; + 4.5 Hz
&1A Baa
1 1
171 1/
TR0 PASER/TIER
. .
. .
. .
. .
. .
LI LI
(¥ | o
440 339 S 214 440 £ 339 7 214
21k 25 kg
“250C .. +80"C - AC L +80°C
< 41 didfa) 544 dbla)
<] W =0.1'W

LF reansiormer LF ircesfoemes

Corvacion Coawaction

IP&S 7 IPAS P45 / IP&S
AE4H 4K4H

.
.
LI LI
ofo afo
s/o/alafo sfofolofo

CE ¥DEO124.1.1, UTEC 15712.1,
Dt 59.40°, kD 1463, GEI/11,
CER/04/190 [arky 5B 1700], PPC, AS4TFZ,
EX 50438, C10/C1 1, PRDS, IEEE 929

* Oy oppbias b 1T voricnts, ** Doas nol apply o oll ssfional deviclions of EMN 50438
@ Sonded foctures  © Opfiondl feoturas  — not ovoiloble  Doto ot nominal condiions.

Type designofion

-émcimc,:m.suNmmznm'r ------ =

5B 1200

n 3]

Sunny Boy Sunny Bay
2500 3000
2700 I200W
00 W SO0V
224V - 480 248V - 480Y
av 350V
24V S 300 Y 268Y f330Y
1247124 12A/12A
1/3 1/3
FI00W 2750w
2500 VA 3000 Va
230, 30, 240V, 220,230, 240%;
180¥ - 285 ¥ 180W - 245V
50, 0 Hz; % 4 5 Hz 50, 40 Hz; & 4.5 Hz
1254 154
1 1
151 141
94 1%/932% G50%/PI6%
. .

. .

. .

. .

- .

LI L
LA i/m
440 7339 /214 440 7 330 /214
My 32 kg
-25°C..«80°C -A5*C ..+ *C
=33 dBiA) = 30 dB[A)
< 025W =025 W
LF reonsionmer IUF tromsfoemes
Camecfion Convetion
IP&S F IPAS WPAS J IPAS
AK4H 4E4H
. ']
/- —fnf-
LIS LI
ofo ofe
a/ofofofo 8/o/ofof0

CE VDED126-1-1, DK 5940° RD 1443 , GRIS1-1,
CER/DA/ 190, PRC, AS4TTT, EM 504387,
CIQyChl, D5

5B 2500
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Appendix B

Mean values

For the following equations it is important to know that m; values represent the measured values and

¢ values represent the predicted ones.

= Eq. 27
ne ) 3om ‘“

=)

i=1
Mean Bias Difference (MBD)

The models that represent the closest value to zero of the MBD will be the most accurate ones. One
of the weaknesses of this statistic method is that positive and negative values for the difference

between measured and predicted values can be compensated.
1 L Eqg. 29
MBD = <—_) * Z(ci -m;)
nm =

Root Mean Square Difference (RMSD)

The RMSD represents a little bit better the error since the highlighted weakness of the previous

method does not affect it. The lower this value. the more accurate the estimation will be.

Eqg. 30

m n

1y 1 <
RMSD = (:) * =% Z(ci —m;)?
i=1

Coefficient of determination (Rz)

A value of R’ close to onerepresents a more accurate estimation of the values.

R2 = ( Titi(m; — M) * (¢, = ) )2 Eq. 31
\/Z?=1(mi —-m)2 ¥ (c; — ©)?

Expanded uncertainty (Uys)

Expanded uncertainty with 95% of confidence level. SD represents the percentage of standard

deviation of the difference between measured and predicted data.
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Standard deviation in percentage.

. n n Eqg. 33
SD = <—_) * Zn * (g —my)? — Z(Ci —m;)?
nm , ,
i=1 =1
T-statistic test (TT)
The best estimation corresponds to the closest values to zero.
Eqg. 34

1
TT = (%) +/((n — 1) * MBE?)/(RMSD? — MBE?)

Global Performance Indicator (GPI)

The GPI is a combination of different statistical methods created to evaluate the best estimation of
the data. All the values are introduced as percentages and the closer the value of the GPI to zero the

better the estimations will be.

GPI = MBD * RMSD * Ugs * TT = (1 - R?) Eqg. 35
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