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EN_1. PREFACE

At present we are experiencing explosive development in photovoltaic energy production.
During the past one or two years the number of installed photovoltaic energy-generating
modules has started to increase both in the developed and underdeveloped world and
capacity installation projects indicate a continuation of the dynamic growth. Costs incurred
by the production of solar modules decrease year on year and the reliability and efficiency
of inverters are also constantly improving. Research and development (R&D) gives rise to
an ever-increasing number of different types of solar panels, where, in addition to efficiency,
focus must be placed also on the life-cycle of the materials used and on the reintegration of
such materials into the recycling chain. From the point of view of energy management at the
macro level, photovoltaic energy generation also has the advantage that a PV system makes
electricity available when it is typically needed (during daytime, in the summer season
when air conditioning puts transmission networks under increasing load). Possibilities for
energy storage are also available (e.g. underground water storage, hydrogen storage by
water-splitting). Research and development relating to electric vehicles is likely to affect
the development of new and more efficient types of accumulators in the future. Although
technological development promotes the spread of energy storage, political and social will
play an even more significant role in this process.

The above facts may provide encouragement for the future since the surging growth
rate of renewable energy exerts positive impact on our environment and provides assistance
in our combating climate change, however, all this should be accompanied by a complex
impact analysis of the dynamic increase in renewable energy sources. Photovoltaic energy
production implies not only technical-technological prerequisites and effects but also social,
economic and environmental factors and effects which are at least just as important as the
former ones, consequently it is inevitable to carry out interdisciplinary research in this field.
The book introduces the synopsis of the joint work performed by two research workshops of
different profiles, where we address the most significant parameters relating to the social,
economic, environmental and regional impacts of photovoltaic systems. The present,
trilingual volume demonstrates the first findings that have emerged from complex, joint
interdisciplinary research and represents a continuation of our volume entitled “Napenergia
és Kornyezet” (“Photovoltaic Energy and Environment”) (Varja (ed.) 2014), in which we
analysed the conditions for photovoltaic energy generation. In view of the initial successes
and research findings giving a reason for confidence, we intend to continue working after
completing our EU-funded project.

EN_2. INTRODUCTION

The European Union has recognised the enormous potential for development in the area of
energy efficiency and renewable energy sources. Photovoltaic systems, as a whole, are a new
technology, which generates the need to research them further. Members of the Croatian
project team from the Faculty of Electrical Engineering Osijek have had the opportunity
— through study visits to Barcelona, as part of the ERASMUS programme — to contact
scientists working in the areas of renewable energy sources and energy electronics at the
Centre for Technology Research and Development, Polytechnic University of Catalonia.
They were introduced to technical achievements in various fields, whereby special emphasis
was placed on photovoltaic systems. The project with the acronym REG-PHOSYS is based
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precisely on those kinds of experiences and research done by the project team members in the
field of photovoltaic systems and energy electronics. The Institute for Regional Studies from
Pécs, CERS of the Hungarian Academy of Sciences is — due to its activities in the fields of
economics and environmental protection — a competent partner for the research of the social,
technological and economic impacts of photovoltaic systems on the cross-border region.

The overall objective of the project is to develop an optimal photovoltaic system
configuration for the climate conditions of the cross-border region. Within the scope of the
project, the impact of photovoltaic systems on the electrical power supply system, economy
and environment will be investigated. A common knowledge database about characteristic
features significant for the application of photovoltaic systems will be developed and cross-
border innovation network of research teams for development of photovoltaic systems will
be established. Furthermore, the photovoltaic system will be optimized for the climate
conditions of the project impact area in terms of selecting a photovoltaic module build
technology. Co-operation between scientific institutions and actors of the economy on
both sides of the border interested in application of photovoltaic systems will be enhanced.
Location of the project in terms of research and development will be Osijek and Pécs.
Location of project impact will be Eastern Croatia and Southern Hungary. The research team
from the Faculty of Electrical Engineering Osijek will use innovative methods in measuring
and testing photovoltaic systems, so that academic community members active in the field
of PV systems, as well as PV system designers, will be able get valuable data for PV system
optimisation. Also, teams will be established for innovation research, as well as for future
PV system development.

An additional operational goal of the project is to set up and furnish a Laboratory for
Renewable Energy Sources at the Faculty of Electrical Engineering Osijek. The direct target
groups are undergraduate and graduate students of electrical engineering, who will, through
laboratory and construction exercises, gain practical knowledge of photovoltaic systems. An
indirect target group is members of scientific communities in the field of renewable energy
sources, photovoltaic systems and PV system design in particular. Also, additional indirect
target groups are businesses and potential private investors who might be motivated to invest
in PV equipment development based on the PV system measurements and optimization.

The book unifies and presents project research results in all of the three research
segments: technical, economic and social. An introduction to solar energy, explaining the
basic concepts required for the understanding of photovoltaic system operation, is followed
by the measurement results, through which the technical characteristics of photovoltaic
systems with regard to the climate elements of the cross-border region are presented. An
analysis of PV systems was carried out with regard to different manufacturing technologies
of the photovoltaic cells, i.e. photovoltaic modules. Measurements were performed for
5 different photovoltaic modules of crystalline and thin-film structure. According to PV
system structure, measurements were done on the side of the supply grid connection, i.e.
AC side, and on the side of the photovoltaic modules, i.e. DC side. Based on the DC side
measurements, a database was created for the purpose of evaluating the electrical power
produced by the photovoltaic systems using different technologies. For the purpose of
estimating the power production, a photovoltaic emulator was used.

A cost-benefit analysis shows the costs and benefits for different photovoltaic systems in
the cross-border region. The cost-benefit analysis is indispensable in terms of determining the
developmental priorities of photovoltaic systems, both for Croatia and Hungary. Supported
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by the research of the environmental impact of photovoltaic systems, as well as of their social
and economic impact on the region, guidelines have been provided for selecting an optimal
photovoltaic system for the cross-border region.

The book identifies potential social impacts which can be generated from several factors,
such as the advance of solar energy, more particularly, solar energy-related investments, the
manner in which such investments are communicated and the interaction of individual actors
involved. Furthermore, the book examines the impact of the aforementioned factors on the
diffusion of innovations and the influence of this process on specific groups of people as well
as on their renewable/solar energy -related decisions.

When reviewing environmental impacts, we also advert to the issues of land use and
carbon-dioxide emission. While making a survey of the photovoltaic life-cycle, we also take
into account the waste resulting from PV panels and the recycling solutions applicable to
photovoltaic modules.

Finally, we present a brief overview of where PV energy production is situated in the
order of rankings relative to other renewable energy-generating solutions and also give an
insight into possible advantages and disadvantages attributed to PV systems.

EN_3. INTRODUCTION TO SUN ENERGY AND PV SYSTEMS BASIC

EN_3.1. Sun radiation energy

The Sun energy is coming continuously to the Earth that is moving around it’s axes and
around the Sun, therefore with daily and seasonal changes in Sun radiation on the Earth
surface. Sun radiation energy £, coming to the other edge of Earth atmosphere depending
on the Sun-Earth distance equals between 1307-1399 W/m? on an optimal angle surface
(vertical to Sun radiation direction). An average value is called solar constant: £ _=1367.7 W/
m?. For different Sun-Earth distances we can calculate it from (PoZar, 1973):

2
Eo = EOx (%j

e 1 —average Sun-Earth distance
e R -real Sun-Earth distance (regarded constant in a day).

where:

Due to the mild eccentricity of Earth rotation around the Sun the solar constant variants
approx. +3,4% annually, which for a certain day in the year in [W/m?] can be calculated from
(Pozar, 1973):

0
E,(n)=&,(n)E,, = 1+0.o34cos3366ﬂ E,

50

where:
e ¢ —ellipse eccentricity
e n—dayina year

I0
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Total daily energy in [J/m?] by irradiation of horizontal surface is (Pozar, 1973):

0
W, (n,¢,0,0,)= MEOX 1+0.034cos 360 On (21’[@3 sin ¢sin & +sin o, cos¢cos5)
‘ I 365" A\ 360

Where:
e o —hour angle of the Sun (12 h=0°, 13 h=15°, 15 h=45°)
e @ —geographical width of the regarded microlocation
e J — Sun declination (angle between lines passing centre of the Earth, Equator and
Centre of the Sun).

Figure 1 shows the declination and the annual motion of the Earth.

Spring equinox — March 21

M Dedination (%) Approximate date
Edliptic axis 24 hours +2345 June 21
- +20 May 21, July 24
2 +15 May 1, Aug 12
A o +10 Apr 16, Aug 28
152.1-10%km 147.1-10%m 5 Apr 3, Sept 10
0 Mar 21, Sept 23
Summer solstite — June 21 -5 Mar 8, Oct 6
icg’— December 21 -10 Feb 23, Oct 20
-15 Feb 9, Nov 3
-20 Jan 21, Nov 22
-23.45 Dec 21

365.25 days

Figure 1: Annual motion of the Earth about the sun

Source: Kalogirou, (2009).

On it’s way to the Earth surface approximately 30% of Sun radiation is being directly
reflected back to the space (6% from the atmosphere, 20% from clouds and 4% from the
Earth), approximately 19% being absorbed in the atmosphere (clouds 3%, upper atmosphere
16%). The rest is being absorbed by land, seas and oceans but returning back by air heating
7%, water evaporation 23% and infrared radiation 21%.

Sun radiation intensity depends significantly on the atmospheric conditions and
cloudiness, but roughly, we can assume in average approximately 200 W/m? (Twidell and
Weir, 2006) on the Earth surface during the entire year resulting in approximately one billion
TWh of available Sun Energy each year which is enormous.

There are however big problems in direct Sun radiation usage in electricity production
using photovoltaic system. Small density of energy flow, oscillation in radiation intensity
during the day, month and the season, dependence on the climate conditions on one side
combined with peak radiation intensity (summer at noon) not coincident to peak electricity
consumption (winter at evening) with very expensive storage batteries resulted initially in high
specific investment costs of photovoltaic systems compared to conventional (fossil, nuclear,
big hydro) or even non-conventional (wind, biomass, geothermal) energy technologies.
Combined with small efficiency and power factor this resulted in high electricity costs.

II
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However, high incentives in over hundred countries resulted in fast technology
development, the fastest usage increase with over 130 GW_ of installed PV capacities world-
wide in 2013' and with significant investment costs decrease particularly in last several
years?.

In Figure 2 world’s energy consumption in comparison to all fossil resources and its
annual solar energy potential is shown. The Sun’s irradiation on Earth’s is 14000 times
higher than the World’s energy consumption. Accumulated over one year, the energy of solar
irradiance on Earth is much higher than all known fossil fuel resources (Krauter, 2006).

Natural gas resources

Qil resources

World’s energy
= consumption in one year

\E]

Coal resources

Uranium resources

_Solar energy irradiated
-~ during one year onto the
\ surface of the Earth

Figure 2: World’s energy consumption in comparison to all fossil resources and
its annual solar energy potential

Source: Krauter (20006).

EN_3.2. Photovoltaic cell, module and array

Photovoltaic effect (PV) means the direct conversion of short-wave solar irradiance (sun
light) into electricity. Sun light consists of photons (particles containing different amounts
of energy related to different wave lengths of solar spectrum. When photons hit the PV cells,
initially and still dominantly a p-n layer of semiconductor based on crystalline silicon they
can be reflected, pass directly through the cell or be absorbed in the cell. Only those photons
absorbed results in energy needed to free the electrons and hence produce electricity which
is called the photovoltaic effect.

Special preparation of n-layer surface of the PV cell results in electrons (negative charges)
moving there naturally. By leaving their position in the p-layer the holes are being created
as positive charges. Imbalance of negative charges of n-layer surface and positive charges

' Renewables 2013 Global Status Report, http:/www.ren21.net (December 2013)
2 European Commission, DG Joint Research Centre, Institute for Energy and Transport,
Renewable Energy Unit: PV Status Report 2013, Ispra, Italy, September 2013
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of p-layer surface results in voltage (potential). When connected with outer circuit (through

load) free electrons start to flow (current).

Figure 3 presents an equivalent circuit of PV cell that includes some parallel leakage

resistance Rp and series resistance.

¢

. Series

i y Diode resistance Rs
la

Shortcircuit | C4ment
cumrent

Parallel
CD Diode SZ resistance
Rp

Figure 3: A PV equivalent circuit with series and parallel resistance

According to the Figure 3. equation for resulting PV cell current can be written as:

oA smy) v
I=lg —1,=1p=Ig —Ife © —1|-—

P

Where:
e [—equivalent circuit current
I — short circuit current
1, — diode current
I — current trough the parallel resistance
V — voltage
R — parallel resistance of the PV cell
10 — reverse saturation current
e — electron charge, e=1,602176462-10"° As
R_— series resistance of the PV cell
k — Boltzmann’s constant k=1,3806-10" J/K
T — absolute temperature.
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Figure 4 presents the typical current-voltage (I — V) characteristics of the PV cell.
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Figure 4: Current-voltage characteristics of the PV cell

Using current-voltage characteristic on Figure 4 we can calculate the efficiency # of the
cell from manufacturers data on short circuit current (also called the photo or light current)
I, open circuit voltage ¥, and the so-called filling factor F as:

Ppr _ Ve~ Lypr =F~V0 Ay

T T E. 4 E-A

un

Where:
e F—filling factor F=(U -1 )/(U ‘I )
e 4 —area of the PV cell
e F— Sun radiation.

4.0 ReEZ R

Current (A)
[
o

03 06
Voltage (V)

Figure 5: Current-voltage characteristics with influence of serial and parallel resistance
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Theoretical efficiency of photovoltaic effect is 33% maximum due to losses resulting
from semiconductor characteristics of PV cell (23%), PV cell response to the sun light (31%),
limitation of cell voltage up to 0.8 V (12%) and thermodynamic losses (3%).

Since an individual cell produces only about 0.5 V, it is a rare application for which just a
single cell is of any use (Nelson, 2011). Instead, the basic building block for PV applications
is a module consisting of a number of pre-wired cells in series. Multiple modules, in turn, can
be wired in series to increase voltage and in parallel to increase current, the product of which
is power. An important element in PV system design is deciding how many modules should
be connected in series and how many in parallel to deliver whatever energy is needed. Such
combinations of modules are referred to as an array. Figure 6 shows this distinction between
cells, modules, and arrays (Nelson, 2011).

Cell Module Array

Figure 6: Photovoltaic cells, modules, and arrays

EN_3.2.1. Types of PV modules

Photovoltaic modules can be made of different types of semiconductor materials, which can be
arranged in different structures in order to achieve better efficiency of energy conversion of solar
radiation into electricity. There can distinguish four basic technology of photovoltaic modules:

e  monocrystalline modules (silicon)

e  polycrystalline modules (silicon)

e thin-film modules.

EN_3.2.1.1. Monocrystalline silicon photovoltaic modules

Monocrystalline silicon photovoltaic modules are made of high-purity silicon.
Monocrystalline silicon atoms are linked together by covalent bonds in the face centred
cubic lattice. Monocrystalline silicon is black, opaque, extremely brilliant, tough and poorly
conducts electricity, while by adding dopant can be a good conductor. Width of the forbidden
zone of monocrystalline silicon changes with temperature changes. The main advantage
of monocrystalline modules in which efficiency is 13-19%?* as well as long-term retention

3 NREL National Center for Photovoltaics, http://www.nrel.gov/ncpv/ , December 2013
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and preservation of the technical characteristics over time*. Figure 7 shows an example of
monocrystalline silicon modules.

Figure 7: Monocrystalline photovoltaic module’

EN_3.2.1.2. Polycrystalline silicon photovoltaic modules

Contrary to monocrystalline silicon cells, polycrystalline silicon cells are made of multiple
small crystals, which can lead to the appearance the boundaries. The boundaries impede
the flow of electrons, and encourage them to recombining with holes resulting in decreased
power output of such cells. The manufacturing process of photovoltaic cells made of
polycrystalline silicon is much cheaper than the production process of monocrystalline cells,
but photovoltaic polycrystalline cells have lower efficiency of monocrystalline silicon cells
(Karlovi¢, 2008). The efficiency of polycrystalline photovoltaic modules is 11-15%°. Figure
8 shows an example of one polycrystalline photovoltaic module.

Figure 8: Polycrystalline photovoltaic module’

Technical Application Papers No.10 — Photovoltaic system, ABB, www.abb.com , 2013
http:/www.solaconnections.com.au/ January 2014

NREL National Center for Photovoltaics, http://www.nrel.gov/ncpv/ , December 2013
http://www.solarpanelking.com/ January 2014

NS
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EN_3.2.1.3. Thin—film photovoltaic modules

The term “thin”, namely “thin-film” refers to the technology of depositing the film, not the
film thickness (layer), since the thin-film photovoltaic cells are deposited in an extremely
thin, successive layers of atoms, molecules or ions. Photovoltaic cells made of thin film
(Figure 9) technology have a lot of advantages compared to cells produced by classical
methods, such as (Karlovi¢, 2008):

in the preparation of thin film photovoltaic cells there is much less used materials,
for example the thickness of the cell varies from 1 to 10 microns, while the standard
silicon cell thickness from 100 to 300 microns

thin-film photovoltaic cells are produced automated, non-disruptive processes that
can be laid on cheap substrates (glass, stainless steel, plastic, etc.)

because of the flexibility of production technology depositing layers of thin film cells
with standard dimensions (125 mm x 125 mm) and the module made as one large
cell (75cm x 150cm) can be produced by the same apparatus

photovoltaic cells made of thin film technology does not require metal mesh
upper contact (such as monocrystalline photovoltaic cells), but use a thin layer of
transparent conductive oxides

layers of thin film are deposited on a selected surface including anti-reflection layer
and a transparent conductive oxide layer, thereby shortening the production process.

Since the cost per unit of output is greatly determined by the competitiveness photovoltaic
modules, thin layer photovoltaic modules could dominate the market of photovoltaic systems
because they have the potential for far the lowest production costs.

Thin-film photovoltaic modules can be divided into the following types:

thin-film photovoltaic modules from amorphous silicon

copper indium gallium diselenide thin-film modules (Copper Indium Gallium
diselenide — CIGS)

Cadmium Tellurium thin — film photovoltaic modules (CdTe)

Copper indium selenide thin — film modules (Copper Indium selenide — CIS).
(Copper Indium Gallium DiSelenide — CIGS).

Figure 9: Thin-film photovoltaic module?

8 http:/www.diytrade.com/china/pd/6560765/Thin_Film_Solar Panel 100W.html January 2014
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Efficiency of thin — film module ranges between 8 - 11% for CIS and CdTe thin — film
modules, while the amorphous silicon module in the range of 6 - 8% (Lynn, 2010).

Amorphous Silicon (a-Si) films consist typically of 1m-thick amorphous silicon (good
light absorption, but low electron flow) deposited on very large substrates (5-6 m?), with
low manufacturing costs but also low efficiency (4-8%). The best laboratory efficiencies
are currently in the range of 9.5 - 10%. Among TF technologies, a-Si TF is perhaps the most
challenged by the current low-cost c-Si. Its future is rather uncertain. Some producers have
recently retired part of manufacturing capacity®.

Cadmium-telluride (CdTe) films are chemically stable and offer relatively high module
efficiencies (i.e. up to 11%). They are easily manufactured at low costs via a variety of
deposition techniques. The highest efficiencies (i.e. up to 16.5%) have been obtained from
high temperature (600°C) deposition on alkali-free glass. The theoretical efficiency limit is
around 25%!°.

Copper-indium-[gallium]-[di]selenide-[di]sulphide film (CI[G]S) has the highest
efficiency among TF technologies (i.e. 20.1% lab efficiency; 13-14% for prototype modules
and 7-12% for commercial modules). The manufacturing process is more complex and costly
than the other TF technologies. Replacing indium with lower-cost materials or reducing
indium use could help reduce costs (indium is used in liquid crystal displays as well).
Cost reduction and module efficiencies of up to 15% can be achieved using better basic
processes (e.g. interface and grain boundary chemistry, thin-fi lm growth on substrates),
novel materials (e.g. new chalcopirytes, wide band-gap materials for tandem cells), material
band-gap engineering (e.g. spectrum conversion, quantum effects), non-vacuum deposition
techniques, electro-deposition, nano-particle printing and low-cost substrates and packaging.

EN_3.2.2. Module parameters

Basic parameters of photovoltaic modules are defined for the standard test conditions. To
standard test conditions and the range of effectiveness of certain types of photovoltaic
modules were described earlier. The main technical parameters are given for individual
photovoltaic modules as follows:
e  Nominal power P ( W) - defined as the product of current and voltage at the
maximum power point ( MPP );
e Voltage U, . (V) - is defined as the output voltage of the photovoltaic modules for
standard test conditions when the module terminals are open;
e Short-circuit current /.. (A ) - is defined as the current of PV modules for standard
test conditions at the short-circuit;
e Voltage at maximum power U, . (V) - is defined as the voltage of the photovoltaic
modules at the point of maximum power;
e Current at maximum power /, . (A) - is defined as the current photovoltaic modules
at the point of maximum power;
e Nominal operating cell temperature NOCT ( °C ) - is defined as the temperature

®  “Solar Photovoltaics — Technology Brief”’ International Renewable Energy Agency, IEA — Energy
Technology Systems Analysis Programme, www.irena.org/Publications , February 2014

10 “Solar Photovoltaics — Technology Brief”’ International Renewable Energy Agency, IEA — Energy
Technology Systems Analysis Programme, www.irena.org/Publications , February 2014

1" “Solar Photovoltaics — Technology Brief” International Renewable Energy Agency, IEA — Energy
Technology Systems Analysis Programme, www.irena.org/Publications , February 2014
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of a photovoltaic module that is achieved when the terminals are opened for the
following conditions: irradiation of 800 W/m?, ambient temperature of 20°C , a wind
speed of 1 m /s and the rear module opened;

e A reduction in power by changing the temperature of °C with in relation to the
nominal operating cell temperature ( % );

e  Reduce the voltage at °C with temperature change relative to the nominal operating

cell temperature ( % );

Length ( mm ) - defined as the frame length of photovoltaic modules;

Width (mm ) - defined as the width of the frame photovoltaic modules;

Weight ( kg ) - is defined as the mass of the entire photovoltaic modules

efficiency ( % ).

EN_3.2.3. Comparison of the efficiency of different types of photovoltaic modules

Today’s market is dominated by semiconductor solar cells on the basis of mono- and poly-
crystalline silicon, but new technologies based on plastics, organic materials or thin film
cells with diverse semiconductor combinations are increasingly achieving marketability.
In commercial application monocrystalline PV cells efficiency range between 13-19%,
polycristalline from 11-15% and different thin film technologies with efficiency usually less
than 10%!'! in so-called standard test conditions (STC).
Standard test conditions include the following'%:

e 1 kW/m? insolation perpendicular to the panels

e  25°C temperature in the cells

e  Air mass (AM) equal tol.5.

The air mass influences the PV energy production since it represents an index of the trend
of the power spectral density of solar radiation. As a matter of fact the latter has a spectrum
with a characteristic W/m? — wavelength which varies also as a function of the air density.

New production technologies are aimed at improving poor efficiency of PV cells and/or
keeping production costs very low. The investments into research focus on accomplishing
more efficient transformation of sunbeams into electricity while retaining cheap materials
and maintain low production costs. Figure 10 presents the current best research cell efficiency
chart from US NREL National Laboratory Center for Photovoltaics."

I NREL National Center for Photovoltaics, http:/www.nrel.gov/ncpv/ , December 2013
12 Technical Application Papers No.10 — Photovoltaic system, ABB, www.abb.com , 2013
3 NREL National Center for Photovoltaics, http:/www.nrel.gov/ncpv/ , 2013
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Figure 10: NREL best research PV cell efficiency

Source: NREL National Center for Photovoltaics, http://www.nrel.gov/ncpv/, 2013

EN_3.3. Photovoltaic systems

All PV systems are in fact integrated sets of PV modules and other components, such as

structure for installation (on the ground or roof), maximal power point tracker and other

devices for regulation, eventual storage components (batteries, chargers etc.), DC/AC

converters (inverters), cables, connectors, enabling the optimal supply of the electricity

being produced from the PV modules (arrays, strings) to the network, AC or DC consumers.
Two most commonly encountered configurations of PV systems are (Figure 11):

e Systems that feed power directly into the utility grid or through network connection
installation such as lines and transformers (on-grid/grid-connected PV system)

e Stand-alone systems with and without energy storage (batteries and chargers) (off-grid
PV system), sometimes with generator back-up (hybrid PV system).

EN_3.3.1. Grid connected PV systems

The on-grid PV systems system deliver DC power to a power conditioning unit (PCU)
that converts DC to AC (inverter) and sends power to the building. If the PVs supply less
than the immediate demand of the building, the PCU draws supplementary power from the
utility grid, so demand is always satisfied. If, at any moment, the PVs supply more power
than is needed, the excess is sent back onto the grid, potentially spinning the electric meter
backwards. The system is relatively simple since failure-prone batteries are not needed for
back-up power, although sometimes they may be included if utility outages are problematic
(Nelson, 2011).
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Figure 11: Typical configurations of PV systems
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Figure 12: Typical on-grid PV system (Masters, 2004)

EN 3.3.2. Stand-alone PV systems

The off-grid PV systems (Figure 13) can be very cost effective in remote locations where the
only alternatives may be noisy, high-maintenance generators burning relatively expensive
fuel, or extending the existing utility grid to the site, which can cost thousands of Euros
per kilometre. These systems suffer from several inefficiencies, however, including battery
losses and the fact that the PVs usually operate well off of their most efficient operating point
(Nelson 2011).
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PV arrays

DC
consumers

Generator/
optional

—————— Charge controller |- ——— -E]

— AC
Batteries » consumers

Figure 13: Typical off-grid PV system (Masters, 2004)

Sometimes the off-grid system type has PV directly coupled to their loads, without any
storage batteries or major power conditioning equipment. The most common example is PV
water pumping in which the wires from the array are connected directly to the motor running
a pump. When the sun shines, water is pumped. There is no electric energy storage, but
potential energy may be stored in a tank of water up the hill for use whenever it is needed.
These systems are the ultimate in simplicity and reliability and are the least costly as well.
But they need to be carefully designed to be efficient (Twidell and Weir 2006).

EN_4. METEOROLOGICAL MEASUREMENT

EN_4.1. Description of measuring instruments

Meteorological measurements are made using a wireless weather station Conrad W232P. In
figure 14 wireless weather station Conrad W232P is shown.
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Figure 14: Wireless weather station Conrad W232P*

4 Wireless Weather station — User manuals www.conrad.com , May 2014
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Using this weather station following variable were measured:
outdoor temperature [°C]

outdoor humidity [%]

outdoor air pressure [hPa]

wind speed [m/s].

Solar irradiance measurements in W/m? are made using a METREL PV Remote
Unit A1378 and SEAWORD Solar Survey 100/200R. The METREL PV Remote unit is
a professional hand-held accessory intended to perform temperature and solar irradiance
measurements SEAWORD Solar Survey 100/200R units measure irradiance and also have
a built-in inclinometer to measure roof pitch, compass to measure roof orientation and
thermometer to measure ambient air and module temperature. In Figure 15 METREL PV
Remote Unit A1378 and SEAWORD Solar Survey 100/200R are shown.

Figure 15: METREL PV Remote Unit A1378 and SEAWORD Solar Survey 100/200R"

EN_4.2. Methodology

Meteorological measurements are made on daily basis every hour, from 7:00 h to 19:00 h. For
every hour following variable is measured: indoor temperature in °C, outdoor humidity in %,
wind speed in m/s, outdoor air pressure in hPa and solar irradiance in W/m?. Solar irradiance
is measured for angle of inclination of PV panels. Simultaneously with those measured
meteorological data, electrical parameters of PV panels for five different technologies are
measured.

For most commercial application it is sufficient to use analytic data from available
measurements data bases. Examples of such databases are: European Centre for Medium
Range Weather Forecast and NASA Surface Meteorology and Solar Energy (1983-1993).
However, the most comprehensive and recent database is coming from the Joint Research
Centre (IET) of EU called Photovoltaic Geographical Information System (PVGIS) with 1-2

5 METREL PV Remote Unit A1378 — User manuals (www.metrel.si May 2014); SEAWORD Solar Survey
100/200R — User manuals (http://www.seaward-groupusa.com/ May 2014)
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km resolution, public and available on website's. The PVGIS is more than sufficient for basic
preliminary analysis and Sun radiation potentials calculations.

In Figure 16 Solar energy potential for Croatia and Hungary based on PVGIS is shown.
More detailed data is usually available, e.g. for Croatia from Energy Institute Hrvoje Pozar
in (Mati¢ 2007).

Meteorological measurements will be used for analysis of different PV module
technologies. Based on analysis, optimal PV configuration for a region will be obtained.

Yearly gnm of global irradiaticn
(Wi
1500 1400 1500 1600 1700 1800 1900

975 1050 u2s 1200 1275 1350 1425

Yeorly sum of solor electricity genercted by 1kWs
system with performance rotio 0.75
[OWDEW ]

Figure 16: Solar radiation for Croatia and Hungary according to PV GIS

Source: Photovoltaic Geographical Information System (PV GIS)
http://re.jrc.ec.europa.eu/pvgis/

EN_4.3. Solar calculation with relief

Calculation of solar energy taking into account relief peculiarities is also important. Figure
17 depicts our calculations of the amount of solar radiation on the basis of own modelling

1® Photovoltaic Geographical Information System (PV GIS) http:/re.jrc.ec.europa.eu/pvgis/
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application. Among others, the ArcGIS software is an excellent tool for the calculation of
solar radiation received on a given surface area during a given time and performed with
regard to the Sun’s annual path and to topography, however these calculations were conducted
by GRASS.

Radiant energy investigations are conducted in two counties. On the Hungarian side this
is Baranya county and the other one is its neighbouring region, the county of Osijek-Baranja
in the eastern part of Croatia. Preparation of the model requires the building of a topographic
model as well as the slope angle and exposure maps derived from it. Vector raster conversion
was followed by a cut-out of SRTM data. The dataset of Shuttle Radar Topography Mission
(SRTMY") is suitable for the development of a digital topographic model. This DEM covers
the Earth’s surface between the points of 60° north latitude and 57° south latitude. As a
topographic model, SRTM is available in arc seconds of resolution. These data are open
to the public (http:/seamless.usgs.gov (Ehsani- Quiel, 2009). and made available in the
topographic model of the two counties. This is followed by the preparation of slope angle and
exposure maps. Radiation has been given in light of the above and taking into consideration
the Sun’s annual path, we succeeded in running the model for all the 365 days of the year by
the assistance of the script written by Paolo Zatelli. The consolidated map (Figure 17) shows
the daily average of radiant energy for the two counties in light of the annual radiation data.

Figure 17: Solar radiation for Baranya and in Osijek-Baranja counties
based on GIS calculation (Wh/m?)

Source: Own edition

17" The Shuttle Radar Topography Mission (SRTM) collected data for creating a digital elevation model
(DEM). This DEM covers all landmasses on Earth between 60°N and 57°S. As an altitude database the
SRTM project was available with resolution level of 3 arc sec. These data are publicly available at http:/
seamless.usgs.gov (Ehsani and Quiel 2009).
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EN_S5. MEASUREMENT ON DC SIDE

EN_S5.1. Introduction

Measurements on the DC side were performed at the Faculty of Electrical Engineering
Osijek at the Laboratory for Renewable Energy Sources. The Laboratory is composed of two
units — indoor and outdoor. The indoor lab unit (Figure 18) consists of five modules using
different technologies, halogen light source and measuring equipment, while the outdoor
lab unit (Figure 18), consists of two arrays of photovoltaic panels, 20 modules each, that
form a photovoltaic power plant, and five modules of different technologies. Along with the
modules, equipment for measuring solar radiation and weather conditions (local temperature,
relative humidity and wind speed) was set up on the Faculty building’s roof. The modules
using different technologies are identical in both sections of the laboratory. The measurement
results addressed in this chapter refer to all of the modules, fifty of them to be exact.

Figure 18: Laboratory for Renewable Energy Sources — indoor and outdoor units

EN_5.2. Characteristics for different module technologies

In REGPHOSYS project photovoltaic modules of five different technologies are purchased.
Modules of the following technologies are purchased: mono crystalline, polycrystalline,
amorphous silicon thin film, CIS thin film and high efficient mono crystalline. Modules
of five different technologies were used for testing in order to find the optimal photovoltaic
system for the Drava region. In this chapter, also will be described technical characteristics
of modules of different technologies.
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EN_5.2.1. MONOCRYSTALLINE PHOTOVOLTAIC MODULE BISOL BMO 250

Current [A]

' ey
w“““w’u’"‘ﬁ‘“‘ﬂ-‘ﬂ‘wm. > [=-78*C |
g F —50°C |

1—25' c|

800 Wim'"

600 Wim"

400 Wim"

P=250 W
Nmodue=15,3 %

5 10 15 20 25 M B 40 < 3
™ weight: 18,5 kg

Figure 19: Technical characteristic according STC conditions for BMO 250

EN_5.2.2. Thin film photovoltaic module SOLAR FRONTIER SF-150
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Figure 20: Technical characteristic according STC conditions for SF-150"

EN_5.2.3. Thin film photovoltaic module MASDAR MPV-100S
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Figure 21: Technical characteristic according STC conditions for MPV-100S*"

http://www.bisol.com/images/Datasheets/ EN/BISOL%20Product%20Specification%20BMO_EN.pdf
http://www.ikaros-solar.eu/media/170558/solar_frontier product flyer s series_eng.pdf
http://www.belectric.com/fileadmin/DE/en/pdf/datasheet/ DA _SQSPEN_1.4.pdf
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EN _5.2.4. High efficient monocrystalline module PANASONIC VBHN2450SE10
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Figure 22: Technical characteristic according STC conditions for VBHN245SE10*

EN_5.2.5. Polycrystalline photovoltaic module BISOL BMU 250
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Figure 23: Technical characteristic acoording STC conditions for BMU 250*

EN_5.3. Measuring method

The laboratory with its indoor and outdoor units requires different measuring methods.
The outdoor unit provides real and actual measurements, while the indoor unit provides
laboratory measurements. In both cases, modules using the following technologies were
tested: monocrystalline module of 250 Wp (BISOL BMO 250), thin-film CIS module of
150 Wp (SOLAR FRONTIER SF-150), thin-film amorphous silicon module of 100 Wp
(MASDAR MPV-1008), high-efficiency monocrystalline module of 240 Wp (PANASONIC

VBHN240SE10) and polycrystalline module of 250 Wp (BISOL BMU 250).
The measured quantities were:

e  Solar irradiance (G, W/m?),
Short-circuit current (/., A),
Open-circuit voltage (V,., V),
Maximum power point current (/, ...
Maximum power point voltage (¥,

Maximum power.

A),
V)’

PPT”

2 http:/www.bisol.com/images/Datasheets/CRO/BISOL_Premium BMU_HR.pdf
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The photovoltaic modules in all of the measurements were loaded by a combination of
wire-wound resistors (four types of wire-wound resistors — 10 Q / 5.7 A, 100 Q / 2.5 A,
1000 Q / 0.8 A and 3300 Q / 0.44 A), depending on irradiated solar energy. Changing the
connected resistance leads to the maximum power point, which is then ready by a wattmeter
(Wattmeter, 3 phase, METRIX PX 120).

Likewise, other measuring quantities (/g., Vs £ypprs Uygppr)> With the exception of solar
irradiance, are determined using the same wattmeter. Solar irradiance (G) is determined
via a solar irradiation measuring instrument (Solar Irradiation Meter, SEAWARD 200R and
METREL A1378 PV Remote Unit).

EN_5.3.1. Outdoor measurements on modules of different technologies

The measurements on the modules using five different technologies were carried out on a
daily basis during April and May 2014, every hour from 7:00 a.m. until 7:00 p.m. This part
of the analysis deals with the results obtained for April 2014.The measuring method starts by
measuring insolation, i.e. solar irradiance. Total mean hourly solar irradiance value for April
2014 is shown in Table 1.

Table 1: Mean solar irradiance values for April 2014

t [h] 7 8 9 10 11 12 | 13 | 14 | 15| 16 17 18 | 19

G [Wim’] | 544 | 163 |327|3774|521.8 | 470 | 531.5 452|421 | 293 | 146.2 | 79.7 | 16.7

A graphic representation of the total mean hourly solar irradiance value for April 2014 is
shown in Figure 24.

G, [Wim?] {D-BM0250  {2-SF-150 3)-MPV-100S
600,00 #)=VBHN240SE10 () BMU250
500,00 1

120,00
& 400.00 Emoou l %\/K
300,00 80,00 J

s | | 5 \§

200,00

40,00
100,00 20,00
0.00 0,00 +
FLELLLLELELES & @\@&& @‘&5&6@«&%@@
ime

Time

Figure 24: Mean hourly values of solar irradiance and mean hourly power values for the
modules using different technologies, April 2014

In parallel with solar irradiance, the output power of the modules also increases. Naturally,
module power over the course of a day grows in proportion to the change in solar irradiance.
This is supported by Table 2 and Figure 25 showing the mean hourly changes in output power
for all five technologies in April 2014.

Figure 25 shows the dependency of output power on the strength of solar radiation.
Unfortunately, the characteristics of all the individual technologies do not overlap, which
leads to the conclusion that the output power values of the different technologies are not
identical. Due to differing output power values of the individual technologies, it is necessary

29



REGIONAL IMPACTS OF DIFFERENT PHOTOVOLTAIC SYSTEMS

to determine the mean hourly percentage production for the individual technologies. Such
representation provides data on the quality of each technology, as well as on the weather
conditions that the observed technology was subject to during observation. Figure 25 with the
accompanying table shows the mean hourly percentage power produced by each technology
in April 2014.

Table 2: Mean hourly power values for the modules using five different technologies,

April 2014
t [h] PSR BMO250 PSR SF-150 PSR MPV-1008 PSR VBHN240SE10 PSR BMU250
7:00 1748 12.24 8.18 18.12 19.01
08:00 37.68 30.70 17.85 20.38 4174
09:00 7110 59.55 3407 7942 7482
10:00 82.29 66.48 39.81 84.39 89.14
1100 111,90 89.81 53.26 118.81 1151
12:00 105.73 7767 47.05 92.54 103.86
13:00 111.80 100.49 56.54 117.18 114.82
14:00 114.47 73.62 44,57 100.10 104.94
15:00 98.44 73.05 43.73 101.46 95.51
16:00 75.33 47.66 28.50 65.32 74.55
17:00 38.50 21.28 15.06 35.01 40.06
18:00 21.81 10.45 7.03 1932 16.58
19:00 3.82 146 117 298 3.55
100,00
80,00
2 60,00
= _ it m
20,00
SR | 'I II [0 P
7:00 8:00 | 9:00 |10:00 11:00 12:00 13:00 14:00/15:00 16:00 17:00 18:00 19:00
EBMO250(%) 6,99 |15,07 28,44 32,92 44,76 42,29 /44,72 45,79 39,38 30,13 15,40 8,72 1,53
HSF-100 (%) 8,16 (20,47 39,70 44,32/59,87 51,78|66,99 49,08 48,70 31,77 1419 6,97 0,97

= MPV-1505 (%) 8,18 |17,85 34,07 39,81 53,26 47,05|56,54 44,57 43,73 28,50 15,06 7,03 1,17
VBHN240SE10 (%) 7,55 |16,83 33,09 (35,16 49,50 38,56 48,83(41,71 42,28 27,22 14,59 8,05 1,24
mBMU250 (%) 7,60 |16,70 29,93 35,66 44,60 41,54 45,93 41,98 38,20 29,82 16,02 6,63 1,42

Figure 25: Mean hourly percentage power produced by different technologies, April 2014

Each technology, aside from its defined power, also has a certain efficiency level (1)).
The efficiency value changes over the course of a day, and, depending on the technology, a
significant change occurs with a change in weather conditions. Figure 26 shows the hourly
efficiency levels of the modules using the five different technologies on a prevalently
sunny day, 3 April 2014 to be exact, while Figure 26 shows the hourly efficiency levels (25
April 2014) for the same technologies, but on a cloudy day (all measurements and charts
are available on the web page http://www.regphosys.eu/hr/node/90/1912). The reference
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efficiency value was obtained at standard test conditions (STC), and it was taken from the
module manufacturer’s data.
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Figure 26: Hourly efficiency levels for the modules using five different technologies
on a prevalently sunny day
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Figure 27: Hourly efficiency levels for the modules using five different technologies
on a cloudy day

Along with solar irradiance measurement and efficiency calculation, it is the /-V
characteristics that provide the majority of data required for a better analysis of the individual
technologies. Figure 28 shows comparisons of /- characteristics under standard testing

conditions (STC) and the measured /- characteristics for all five technologies.
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Figure 28: Comparison of I-V characteristics under standard testing conditions (STC) and
the measured I-V characteristics for all five technologies.
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Short-circuit current I and open-circuit voltage V are the maximum current and
voltage values that a photovoltaic module can produce. However, at those points, i.e. I and
V... power equals zero.

The factor determining the maximum power of a PV module at those points is called fi//
factor (FF) (Masters, 2004), and its definition using rectangle surfaces is shown in Figure
297,

Maximum power
area (Pse=lsc xVoc)

Maximum generated
power area

(Pmpg=Imppx Vmpp

Vi pp Voc vV

Figure 29: Graphic representation of fill factor (FF) definition

Source: http://www.pveducation.org/pvedrom/solar-cell-operation/fill-factor (2013)

Based on the /-V characteristics shown in Figure 29 fill factors (FF) were calculated
for each technology, as well as their deviation from standard test conditions (STC). Table 3
presents a comparison between the mean fill factor value for April 2014 and the fill factor
according to STC.

Table 3: Mean fill factor values of different technologies for April 2014 and
fill factor according to STC

Module BMO250 | SF-150 | MPV-100S | VBHN240SE10 | BMU250
Mean fill factor 0.742 0.654 0.682 0.747 0.725
Fill factor according to STC 0.75 0.63 0.663 0.785 0.733

Figure 30 shows the average hourly fill factor value of different technologies on a
prevalently sunny day (3 April 2014) and fill factor deviation from standard test conditions.

2 http://www.pveducation.org/pvcdrom/solar-cell-operation/fill-factor , 2013.
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Figure 30: Fill factor of different technologies on a prevalently sunny day

EN_5.3.2. Indoor laboratory measurements on modules of different technologies

Measuring under laboratory conditions requires an artificial source of light. The Laboratory
for Renewable Energy Sources has a light source composed of series of halogen lamps.
Halogen lamps were chosen as the substitute for the Sun because halogen lighting wavelength
is closest to the Sun’s wavelength.

Laboratory measurements were performed at two different distances of the light source
from the modules. The reason for this is the infra-red component of the halogen lighting
which heats the module and thus directly affects the appearance of the V-I characteristic.

The first distance is at 1.04 m, where artificial light source radiation is not evenly
distributed across the surface of the module, while the other distance of 1.88 m has a more
evenly distributed light across the surface of the module. Figure 31 shows the distribution of
irradiance on the module BISOL BMO250 for light source distances of 1.04 m and 1.88 m.
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Figure 31: Distribution of irradiance on the BISOL BMO250 module at light source
distances of 1.04 m and 1.88 m.

I-V characteristic of the BISOL BMO250 monocrystalline module in Figure 32 shows
how irradiance distribution affects the -V characteristic if the module is unevenly lit (full
line) and when irradiance is evenly distributed across the module’s surface (broken line).

BISOL BM0O250
2,00
180 e
1,60
1,40
1,20 kesssemsemsccantorema b
1,00 s
0,80 ‘
0,60 .
0,40
0,20
0,00

I [A]

0 5 10 15 20 25 30 35
vV [V]

—=1,04M =====|=1,88m
Figure 32: I-V characteristic of monocrystalline module BISOL BMO250 for irradiance
distribution according to Figure 25

The same measurement method was used on the modules using other technologies as
well. Figure 33 shows the /-V characteristics for the modules of all five technologies for
irradiance distribution at the distance of 1.88 m.
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Figure 33: I-V characteristic for the modules of all five technologies for irradiance
distribution according to Figure 26.

EN_5.3.3. Measurements on module arrays

The outdoor lab unit, aside from the mentioned technologies, also has a photovoltaic power
plant consisting of two arrays of modules. Each array was built using a different technology.
The first array uses the BISOL BMO250 monocrystalline technology, while the second array
uses the BISOL BM U250 polycrystalline technology. The reason for setting up two arrays
is obtaining a coefficient to multiply an individual module with, in order to make its I-V
characteristic equal to the /-V characteristic of a 20-module array.

Tables 4. and 5. show the measurement results for a monocrystalline photovoltaic module
of nominal power 250W, i.e. for an array of 20 monocrystalline PV modules of nominal
power 250W.
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Table 4: Measurement results for monocrystalline PV module of nominal power 250W.

BISOL BMO 250

Meas- | Time | GIWm] | I [A] | Voo IVI | Typer IA] | Uy V] | Pogpes IW1 | Ryypn €
no.

1 541825 | 6700 / / 0.54 28.70 15.50 53.00
2 941329 | 140.00 / / 1.83 30.20 55.40 16.00
3 941845 | 4000 / / 0.33 28.70 9.50 87.00
4 1141827 | 40.00 / / 0.34 28.40 9.70 83.00
5 1241642 | 120.00 / / 112 29.30 32.90 26.00
6 1241735 | 84.00 / / 0.68 28.90 19.70 42.00
7 12.4 1830 | 42.00 / / 0.35 27.20 9.50 79.00
8 17412:32 | 89.00 / / 0.70 29.70 20.70 43.00
9 174 16:46 | 6500 / 3480 | 049 29.90 14.30 61.00
10 | 1841619 | 4500 | 041 | 3250 | 041 27.60 11.20 68.00
1 | 18417:07 | 4300 | 039 | 3350 | 035 27.10 9.40 78.00
12 | 1841755 | 7500 | 072 | 3440 | 059 29.00 17.20 49.00
13 | 1841828 | 2800 | 025 | 3260 | 025 27.00 6.10 108.00

Table 5: Measurement results for an array of monocrystalline PV modules of

nominal power S000W.

Array (string) BISOL BMO 250

nMOf’aS' Time | G[W/m2]| ISC[A] | UOC[V] | ISC[A] | UMPPT [V] PIE’IVISI]DT RMPPT [Q]
1 541825 | 70.00 / 701.00 | 0.57 568.00 320.00 1005.00
2 9.413:29 | 144.00 / 71.00 | 1.89 576.00 1095.00 305.00
3 9.4 18:45 | 40.00 / 678.00 | 032 583.00 189.00 1800.00
4 114 18:27 | 40.00 / / 0.33 636.00 212.00 1915.00
5 12.416:42 | 120.00 / 688.00 | 113 587.00 656.00 519.00
6 12417:35 | 84.00 / 685.00 | 0.68 594.00 402.00 879.00
7 12.418:30 | 42.00 / 657.00 | 035 550.00 192.00 1571.00
8 174 12:32 | 88.00 / 71400 | 0.70 567.00 396.00 813.00
9 174 16:46 |  65.00 / 695.00 | 049 591.00 291.00 1200.00
10 184 16:19 | 4500 | 039 | 65100 | 0.42 541.00 229.00 1279.00
11 18417:07 | 43.00 | 039 | 67000 | 035 555.00 193.00 1600.00
12 184 17:55 | 7500 | 074 | 70100 | 0.54 573.00 311.00 1061.00
13 1841828 | 28.00 | 0.24 | 65200 | 0.23 545.00 125.00 2370.00
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It is necessary to compare the maximum power (P,,,..) for all 13 measurements, in such
way to compare the maximum array power (Table 5) and maximum PV module power (Table
4) multiplied by 20. The coefficient of 20 is used because an array has 20 modules. Namely,
if those two power values are equal for each measurement, it can be concluded that the
characteristic of an array of PV modules is linearly dependent on the number of modules
connected into a series. The result will be shown in tabular (Table 6) and graphic (Figure
28) form.

Table 6: Comparison of maximum array power (P, ) and maximum PV module power

MPPT

multiplied by 20.

Meas. no. P, ... W] P ... [W*20 ) S——
1 15.50 310.00 320.00
2 55.40 1108.00 1095.00
3 9.50 190.00 189.00
4 9.70 194.00 212.00
5 32.90 658.00 656.00
6 19.70 394.00 402.00
7 9.50 190.00 192.00
8 20.70 414.00 396.00
9 14.30 286.00 291.00
10 11.20 224.00 229.00
11 9.40 188.00 193.00
12 17.20 344.00 311.00
13 6.10 122.00 125.00

Tables 7 and 8 show the measurement results for a polycrystalline photovoltaic module
of nominal power 250W, i.e. for an array of 20 polycrystalline PV modules of nominal power
250W.

Table 7: Measurement results for polycrystalline PV module of nominal power 250W.

BISOL BMU 250

Meas- | Time | GIWm?] | I [A] | Uy IV] | Iy [A] | Uypor V] | Pygper IW] | Ryypey 1€
no.

1 541830 | 67.00 / / 0.55 28.40 1570 52.00
2 941345 | 17500 / 3590 | 220 29.60 65.10 13.00

3 941843 | 4000 / / 0.32 28.90 9.10 92.00
4 1141829 | 3800 / / 0.33 28.90 9.50 88.00

5 1241625 | 12600 | 113 | 3470 | 1.03 29.40 30.20 29.00
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6 12.4 17:40 87.00 / / 0.70 29.50 20.70 42.00
7 12.4 18:35 36.00 / / 0.28 28.50 8.10 100.00
8 17.4 12:47 110.00 / 36.10 1.01 30.40 30.70 30.00
9 17.4 16:55 80.00 / 35.50 0.63 30.30 19.60 48.00
10 18.4 16:29 44.00 0.40 32.90 0.36 27.40 9.90 76.00
11 18.4 17:11 46.00 0.42 33.90 0.37 28.90 10.60 79.00
12 18.4 17:59 92.00 0.83 34.90 0.76 29.20 22.10 39.00
13 18.4 18:30 31.00 0.29 33.20 0.27 27.10 7.20 101.00

Table 8: Measurement results for an array of polycrystalline
PV modules of nominal power S000W.

Array (string) BISOL BMU 250

Il:’ffas' Time | G[W/m?| [I 35| Uoc VI | Byper AL | Uy IVE | Py IW] | Ry 10
1 541827 | 67.00 / 701.00 0.54 573.00 31100 | 1061.00
2 941345 | 17500 | / 715.00 2.14 60600 | 129500 | 283.00
3 941843 | 40.00 / 675.00 031 603.00 191.00 | 1926.00
4 1141829 | 38.00 / / 0.32 606.00 192.00 | 1918.00
5 1241625 | 12600 | / | 692.00 1.03 581.00 598.00 | 564.00
6 12417:40 | 87.00 / 689.00 0.71 578.00 410.00 | 816.00
7 1241835 | 36.00 / 661.00 0.30 536.00 160.00 | 1804.00
8 17412:47 | 11000 | / | 72400 1.00 613.00 610.00 | 616.00
9 17416:55 | 80.00 / 709.00 0.63 602.00 377.00 | 962.00
10 1841629 | 4400 | 039 | 657.00 0.35 563.00 19500 | 1632.00
11 184 17:11 | 4600 | 043 | 677.00 0.38 569.00 210.00 | 1517.00
12 18417:59 | 9200 | 0.89 | 699.00 0.76 573.00 43400 | 757.00
13 1841830 | 3100 | 027 | 659.00 0.26 553.00 14500 | 2119.00

As with monocrystalline modules, it is necessary to compare the maximum power (P, )
for all 13 measurements, in such way to compare the maximum array power (Table 8) and
maximum PV module power (Table 7) multiplied by 20. The coefficient of 20 is used because
an array has 20 modules. Namely, if those two power values are equal for each measurement,
it can be concluded that the characteristic of an array of PV modules is linearly dependent on
the number of modules connected into a series. The result will be shown in tabular (Table 9)
and graphic (Figure 34) form.
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Table 9: Comparison of maximum array power (P, ...
PV module power multiplied by 20.

) and maximum

Meas. no. Py [WI Pyppr W] 20 Py srene IWI
1 15.70 314.00 311.00
2 65.10 1302.00 1295.00
3 9.10 182.00 191.00
4 9.50 190.00 192.00
5 30.20 604.00 598.00
6 20.70 414.00 410.00
7 8.10 162.00 160.00
8 30.70 614.00 610.00
9 19.60 392.00 377.00
10 9.90 198.00 195.00
1 10.60 212.00 210.00
12 22.10 442.00 434.00
13 7.20 144.00 145.00

Graphic representation of measurements on arrays of different technologies multiplied
by the factor of 20 is shown in Figure 34.
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Figure 34: Comparison of maximum array power (P ..
module power multiplied by 20.

) and maximum PV

DC power is daily measured in a five-minute interval. Measurements are stored in the
Kaco Powador 12.0TL3 inverter. Figure 35 shows output DC power on a prevalently sunny
day (6 May 2014) and on a cloudy day (16 May 2014).
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Figure 35: DC power P for the sunny and cloudy day

EN_6. MEASUREMENTS ON AC SIDE

EN_6.1. Power quality measurements

Power quality

Liberalization of energy market establishes new rules in the relationship between customers
and utility companies. Customers can now choose a utility company, so power quality
objectives are now of great importance to all power system operators in modern liberalized
energy markets (Klai¢ et al. 2013).

In a traditionally designed electric power system, a large content of power is transported
from the generation units, through the transmission and distribution networks, to the power
consumers. Distribution systems are traditionally passive and designed to operate with only
one-way energy flow — which means that electric power always flows from the transformers
in the substations to the end of feeders. In case of distributed generation, the distribution
system becomes an active system with both energy generation and consumption (Baggini
2008).

Distributed generation (DG) is a concept of installing and operating small electricity
generators connected directly to the distribution network or at the customer side, with a rated
power typically less than 10 MW (Baggini 2008).

DG may have a significant impact on the power quality experienced by customers and
electricity suppliers. This impact can be either positive or negative, and it depends on the
various distribution system characteristics.

Photovoltaic power plants belong to a group of renewable-based DG, so it is necessary to
estimate the impact of Photovoltaic on distribution power network. The best way to estimate
the impact of a power plant on the power quality of the distribution network is to perform
power quality measurements.

Measurement of PQ wusually involves characterizing low frequency conducted
electromagnetic disturbances (including transient overvoltage and transmission of signals).

The types of disturbances can be placed in four categories, affecting the magnitude,
waveform, frequency and symmetry of the voltage. Disturbances can also be classified
according to their permanent, semi-permanent or random nature (lightning, short-circuit,
switching operations, etc.) (Nikolovski et al. 2004).
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The Impact of photovoltaic power plants on distribution system

As photovoltaic power plants generate DC power, they have inverters as the interface to the
distribution system. Because of the use of power inverters and variable power flow of the
PV system, harmonics are presented in the output PV current. The size of most residential
PV systems is very small and the effect of the single PV plant operation is almost negligible
(Papaioannou et al. 2008). But, the number of the PV systems connected to the same local
grid is increasing. So the question is: will the increasing number of PVs affect the distribution
grid voltage harmonics?

The contributions of PV power plants to utility grid harmonics are discussed in literature
by Grady — Santoso (2001), Batrinu et al. (2006), Papaioannou et al. (2008), Schlabbach
(2008). The level of harmonic distortion caused by grid-connected PV systems is the subject
of several international standards (IEEE 1547 2003, EN 50160:2010). The European standard
ENS50160 provides a limit for the total voltage harmonic distortion (THD) equal to 8%
of nominal voltage, including up to the 40th harmonics. In Croatia, harmonic limits are
given by considering only the THD factor, and when connecting the PV plants to the public
distribution network, the Croatian Grid Code must be considered. The maximum voltage
THD factor that is caused by individual power generation must not exceed 2.5%.

The harmonic behaviour regarding PV plant generation is examined in a paper by Fekete
et al. (2012). Measurement results indicate that the correlation between voltage harmonics
and PV plant generation cannot be found, but also show that THD, — Total Current Harmonic
Distortion, is strongly dependent on generating conditions. High value of harmonic distortion
of the PV current in the early morning and evening hours is due to the so-called shading
effect. The shading effect occurs when a PV array (or part of it) is not reached by direct solar
irradiation as it should be according to the available solar irradiation, due to the effect of an
obstacle (Batrinu et al. 2006).

Based on the measured data, a computer model of the PV plant and local distribution
network was made, as shown in Figure 36. The model is used to simulate several scenarios
of residential PV plant expansion (Fekete et al. 2012).

?
w1 1]

.8l e
SR
S

Figure 36: Part of the modelled distribution network
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The most extreme scenario assumes that every household connected to the local
distribution grid will install a 10 kWp PV plant, and also considers the already presented
harmonic sources in the distribution network. Even this scenario shows that THD , at PCC
(Point of Common Coupling) is 3.66%, which is a lower value than the harmonic limit of EN
50160 (THDU < 8 %). Therefore, the simulation results show that the harmonic limit of EN
50160 is not violated in any of the simulated scenarios and variants.

Power quality measurements

Power quality measurements were performed according to IEC 61000-4-30 and EN 50160
standards. Power quality indices were measured by power network analysers, accuracy class
A, supported by powerful mathematical software. Figure 37 represents the summarized
results of power quality measurement on Photovoltaic power plant ETFOS 1. The power plant
was installed during the project Photovoltaic Systems as Actuators of Regional Development.

Limit value
En50160-50Hz
Max
95%
99,5%
0%
|
Voltage Interruptions Events Voltage - Flicker Unbalance V. Signalling- Line
variations harmonics voltages frequency

Figure 37: Summarized measurement results according to EN 50160.

The results of power quality measurements were analysed separately, according to EN
50160 and according to the Croatian Grid Code.

The European Standard EN 50160 provides the main features of the voltage
characteristics, supplied by the public distribution system, at the customer’s supply terminals.
According to this standard, each measurement lasts seven days.

Measurement and analysis of power quality according to EN 50160 include these indices:
e voltage dips and interruptions,

harmonics and interharmonics,

temporary overvoltages,

swells,

transient overvoltages,

voltage fluctuations,

voltage unbalance,
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e  power-frequency variations,
e DC in AC networks,
e  signalling voltages.

Analysis of power quality measurements according to the Croatian Grid Code also
includes limits for voltage fluctuations and frequency variations, and their limits are similar
to those in EN 50160. But there are other different demands for some power quality indices.
The Croatian Grid Code prescribes limits for the allowed contribution of a power plant to the
distribution network. There are such limits for:

¢ THD, (Total Harmonic Distortions),
*  flickers and
*  voltage imbalance.

These requirements are the main reason for the analysis of power quality measurements
before and after the connection of PV to the distribution grid.

Below are presented some results of power quality measurements. Measurements were
performed in order to test the impact of the 12 kWp photovoltaic power plant ETFOS 1 on the
distribution system’s power quality. There were two periods of measurements — seven days
before and seven days after the connection of the photovoltaic power plant to the distribution
grid.

Figures 38 and 39 represent a part of the power quality measurement results. Figure 38
shows total harmonic distortion, THD ; (% U ), before the connection of PV and Figure 39 after
the connection of PV to the distribution grid. THD values after and before are very similar, and
THD values after the connection are even mildly lower than the values before. Therefore, it is
clear that there is no bad influence of harmonics from the PV power plant ETFOS 1.

Figure 40 presents the actual power delivered from the PV power plant to the distribution
network. The measurements were performed during 7-day test operation of the photovoltaic
power plant.

THD V average L1
THO V average L2
% THOV

1100 1100 100 1100 1100 1:00 1100 100
Th 2442014 Fr, 2542014 Sa,2642014 Su, 2T 42014 Mo, 2842014 Tu 2042014 We, 3042014 ™ 15204

Figure 38: Total harmonic distortion, THD (% U ), before the connection of
power plant ETFOS 1.
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Figure 39: Total harmonic distortion, THD (% U ), after the connection of
power plant ETFOS 1.
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Figure 40: The actual power delivered to the distribution grid from the PV
power plant — during 7-day test operation of PV.

EN_6.2. Measurements from KACO 12.0TL3 inverter

Measurements on the AC side are related to the measured output quantities of the photovoltaic
power plant. The measured quantities are:

Output current values by phases L,-L, (1 [A])

Voltage (mean effective values, maximum and minimum voltage deviation)
Frequency (f [Hz])

Efficiency (1)
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The measured quantities are recorded in Table 10, which shows the limits set in the norm
HRN EN 50160. The values of each represented indicator show that all of the quantities,
without exception, are within the limits set by the norm HRN EN 50160.

Table 10: Maximum and 95% values of all indicators of the PV power plant supply voltage

Parameter Maximum value 95% - value
Unit En30160-50Hz L1 L2 L3 L1 L2 | L3

gwd
Voltage variations 230V
Maximum
100%/95% % [Vn] | +10.00/+10.00 | 4.86 533 554 | 441 4.69 477
Minimum % [Vn] | -15.00/-10.00 1.31 1.78 1.85 | 1.31 178 1.85
100%/95%

. Number
Interruptions <1% of 100 0 0 0 -
Events Number 100 2 1 0 -
of

Voltage harmonics
5. Harm. % [Vn] 6.00
15. Harm. % [Vn] 0.50 372 0.42 399/ 3.34 0.31 363
Current harmonics A No
Flicker Plt. Plt. 1.000 0.682 | 0.688 |0.4330.348 | 0.282 | 0.251
Unbalance V % 200 057 047
Signalling voltages | % [Vn] No 99% - value
Frequency 50 Hz 99.5% - value
Maximum
100%/99.5% % +4/+1 020 020
Minimum % -6/-1 -020 -020
100%/99.5%

Tables 10 and 11 contain all parameters for the analysis of the AC side of the ETFOSI
photovoltaic power plant. The measurement results were obtained by a three-phase network

analyser.

Table 11: Maximum and 95% values of all indicators, after connecting the PV power plant

Parameter

Measurement value

Deviation for limit
value

Unit L | 2 [ L3 L[ 2 | 13
Voltage variations v ziggg;f
Within tolerance % 95 10000 | 10000 [ 10000 | 500 | 500 | 500
Max \Y% 25300 24119 | 24226 | 24274 - - -
Min \4 20700 23302 | 23409 | 23425 - - -
Voltage variations 230.00+10.00/-
15.00%
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Within tolerance % 95 10000 | 10000 | 10000 | 000 | 000 | 000
Max \% 25300 24119 | 24226 | 24274 | - - -
Min \% 19550 23302 | 23409 | 23425 - - -
Short interruptions I;;:z:;r'/ <1<0/; (;fi;].n

NM“g;zf’g/ 100 0 0 0 100 | 100 | 100
Long Number/ <1% of Vn
interruptions Meas.p >=3 min.

NM“Z;:? 100 0 0 0 100 | 100 | 100

>Vn +10%
Events NMuE‘:s)Eg/ or < Vn-10%
) >1% Vn

NM“‘;:;’Z/ 100 2 1 0 98 | 99 | 100
3.Harmonic % [Vn] 500
Within tolerance % 05 100 100 100 500 100 500
Max %[ Vn] 160 125 077 340 | 375 423
5.Harmonic % [Vn] 600
Within tolerance % 95 100 100 100 500 100 500
Max %[ Vn] 372 372 399 228 | 228 201
7.Harmonic % [Vn] 500
Within tolerance % 95 100 100 100 500 100 500
Max %[ Vn] 212 203 210 288 | 297 | 290
9.Harmonic % [Vn] 150
Within tolerance % 95 100 100 100 500 100 500
Max %[ Vn] 113 098 103 037 | 052 047
THD V % 800
Within tolerance % 95 100 100 100 500 100 500
Max % 408 405 420 392 | 395 380
Flicker Plt 1.000
Within tolerance % 95 100 100 100 500 100 500
Max Plt 0.682 | 0.688 | 0.433 | 0.318 | 0.312 | 0.567
Unbalance V % 200
Within tolerance % 95 100 500
Max % 057 143
Frequency 99.5% Hz 50Hz +/-1%
Within tolerance % 995 100 050
Max Hz 5050 5010 -
Min Hz 4950 4990 -
Frequency 100% Hz S50Hz +4/-6%
Within tolerance % 100 000
Max Hz 5200 100 -
Min Hz 4700 -

A graphic representation of mean effective voltage values for ETFOS 1 PV power plant
is shown in Figure 41.
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Figure 41: Mean 10-minute effective voltage values of PV power plant

The measured quantities are stored every 5 minutes, 7 days a week in the KACO 12.0TL3
converter. Graphic representations of output quantities (U,, I, . P, and n) for a sunny and
cloudy day are given in Figures 42 and 43.

TR P

Dw Dvm

1Al

A
B

g8
u v
P W]
~BEEEEEHEE

5:2359
604:45
6:45: 2
7.26:15
807:02
BAT46
9:28:40

1009:26
10:50:10
113056
—1211:43
133313
141359
1454:43
15:5:8
16:16:17
165701
17:37:47
18:18:34
1859:18
19:4005
5:23:59
5:59:39
6:35:18
7:10:59
7:46:37
B:22:18
8:58:07
9:33:45
10:09:26
10:45:05
11:20:45
11:56:24
12:32:05
13:07:45
13:43:24
14:19:05
14:54:43
15:30:24
16:06:04
16:41:44
17:47:25
17:53:05
18:28:45
19:04:24
19:40:05

3 125227
El
3

Figure 42: Graphic representation of output voltage, current, power and efficiency for a
sunny day (6 May 2014)
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Figure 43: Graphic representation of output voltage, current, power and efficiency for a
cloudy day (16 May 2014).

EN_7. MEASUREMENTS ON A PHOTOVOLTAIC EMULATOR

Increasing interest in and demand for photovoltaic systems have set new requirements for
PV equipment manufacturers. It was necessary to find more sophisticated ways of testing
photovoltaic equipment, primarily with regard to inverters and maximum power point track
(MPPT) systems. The output power of photovoltaic modules is influenced by two factors
Kumari and Babu, 2012): solar radiation (insolation) and temperature of a PV cell, i.e. PV
module. The previous generation of PV electronic equipment was tested under real weather
conditions, as the first generation systems were less powerful. However, testing under
real operating conditions on modern PV systems of 100 kW or more is often difficult to
carry out, due to the issues of space, price and dependence on weather conditions, the latter
becoming the dominant factors when testing such equipment. These are the very reasons for
the emergence of the need to use programmable DC sources emulating the characteristics
of PV modules, which gave them their name — photovoltaic module emulators. Such sources
are used to further test and develop electronic equipment built into photovoltaic systems,
such as inverters and MPPT systems. Currently there are several types of programmable
DC sources on the market that can emulate photovoltaic modules, with power outputs
ranging from several kW up to 2,000 kW. Some of the established manufacturers are Magna-
Power Electronics, Energy Systems Group, Newdoll Entrprises LLC, Chroma-System, ET
SYSTEM etc.

Once inverters and MPPT systems have been tested in this manner, conditions are
created for a more important task — an evaluation of electrical power produced by a selected
photovoltaic system. An electronic system used for the evaluation of electrical power
generated by photovoltaic modules is called a photovoltaic emulator. There are several
different concepts of PV emulator realization. One of those is aimed at simulation, where
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PV emulator modelling is used in special software, such as e.g. MATLAB (Can, 2013). It
is typical for this approach that physical quantities — currents and voltages — are scaled to
amounts that are safe for handling and accessible for measurements (Belmili et al. 2010).
One such system is Tayphoon HIL, which supports this simulation-based approach with its
HIL emulator series. For the purposes of the REG-PHOSYS project, the project team has
opted for another, energy-based approach, where instead of scaling currents and voltages,
real voltage and current values would be obtained by measuring. This type of a system will
be used for evaluating the production generated by less powerful PV systems (up to 10 kW)
taking into account different PV module technologies, as well as different characteristics of
climate elements, the Sun’s radiation in particular.

A photovoltaic emulator, according to Figure 43, consists of:
a, 2 programmable DC sources LAB/HP 101000, manufactured by ET SYSTEM,
b, Powador 12.0 TL3 INT inverter, manufactured by KACO,
¢, Built-in cabinet with overcurrent and overvoltage protection,
d, Appropriate metal frame serving as equipment rack.

An advantage of this kind of a photovoltaic
emulator in assessing the production of electrical
power from systems based on different PV module
technologies is reflected in the following:

a, Photovoltaic emulator requires much less space,
b, Independence of any sun irradiance, i.e. time

of day,

¢, Possibility to emulate PV systems of various
technologies,

d, Built-in protection for measurements, protecting
the equipment, as well as the operator,

e, Calibration of other devices.

Basic technical characteristics of the system:
1. Maximum voltage of programmable sources
amounts to 1,000 V,

2. Maximum current of programmable sources
amounts to 10 A,

3. Three-phase AC grid connection,

4. Inverter has 2 MPPT inlets, 2 inlets each,

5. Maximum system power amounts to 10 kW,

Figure 44: Photovoltaic emulator

Additionally, the programmable sources have the possibility to operate in parallel and
series mode, which enables the emulation of an array of PV modules of 20 A nominal current
in parallel mode or a 2000 V array in series mode. Further, the programmable DC sources
can work in the so-called master-slave option, where controlling one source controls the
other one as well.

SI



REGIONAL IMPACTS OF DIFFERENT PHOTOVOLTAIC SYSTEMS

The evaluation of electrical power generated by systems up to 10 kW, using different
PV module technologies has been carried out through several steps, according to Figure 45.
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Figure 45: Method of power generation evaluation using a photovoltaic emulator

Steps in the evaluation of electrical power production are:

1. Step: Measurement of /-V characteristics of PV modules of selected technologies,

2. Step: Creation of a database on the typical values of /-7 characteristics (sun irradiance,
short circuit current, open circuit voltage, maximum power point current and voltage
values),

Step: Programming DC sources to emulate different module technologies,

4. Step: Collecting inverter data on the alternate current side (AC side).

w

During the measurements of /-V characteristics in April, some typical days were observed
in the database:
- Cloudy day; where sun irradiance was reduced (below 400W/m?),

- Prevalently sunny day, increased sun irradiance (exceeding 400W/m?).

A simulation of operation of a PV system consisting of 5 PV modules with different
technologies for April and May was created. The following photovoltaic modules were used:
BISOL, BMO250, 250W,

BISOL, BMU250, 250W,

SOLAR FRONTIER, SF-150, 150W,
MASDAR MPV100-S, 100W,
PANASONIC, VBHN2450SE10, 245W.
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Due to programmable sources’ technical limitations (voltage and current limitation) and
varying nominal power values of the modules, a 12 kW PV system was selected for each
technology. Such PV system consists of 48 modules for the first and second technology, 80
modules for the third, 120 modules for the fourth one and 50 modules for the fifth technology.

A measurement for one day was made, and this was followed by a production estimate
for each day of the month based on the measured /-J characteristics of the PV modules,
taking into account that the average inverted efficiency level was 98.4% (KACO, Technical
Handbook, 2013). The results of measurements for the so-called cloudy day for the BISOL
BMU250 technology are shown in Figure 45 in the form of a daily column chart of AC power.
The data were taken and processed from the inverter. For a comparison, the columns show
power readings from the inverter (P, .) and analytically calculated power with regard to the

measured /- characteristics and inverter efficiency (P, ).

Figure 46: Daily power column chart (5 April) for the BMU250 module

For the daily column chart in Figure 47, it is analytically possible to estimate the electrical
power production of a photovoltaic system for that day with sufficient technical accuracy
(» 3%). Therefore, further analysis was carried out in that manner for all 5 technologies.
Table 12 shows the data for the rainy day of 5 April, while Table 13 shows the data for the
prevalently sunny day of 8 April. Figure 47 indicates power in kW for all five technologies
for the two selected days: cloudy and prevalently sunny.
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