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Abstract

This thesis aimed to assess the application of a 1 MWp floating photovoltaic system on the upper reservoir of

the pumpedstorage hydropower plant in Poland.

The work considered a specific system location, the technical and economic selection processais of
components (modules, inverters, floating mounting system, transformer station, etc.), assemble
recommendations, and interconnection with the meditwuoltage power grid. To forecast the energy yield of the
system, simulations of performance in PVsygshwixtensive descriptions of methodology were conducted. The
outcomes of the simulations were further used in the economic analysis for the scenario of the auction system.
The price range for MWh was derived from the 2020 auction for solar and wind systgmshe capacity
installed under 1 MWTo validate the floating PV system, an equivalent greomminted PV system was

designed, simulated, and treated as a reference point for the analysis.

The results were not satisfactory from the investor's pointiefw According to the analysis, the assurances of
a large increas@ the energy yieldcaused by intensified heat transfef FP\Vproved to be exaggerated in the
Polish latitude. Significantly higher CAPEX makes it difficult to maintain the liquidity pfdfect and extends
the return on investment by several years comparing to the equivalent granoanted system. It is predicted

that this technology needs to enter the next phase of maturity to become more competitive in Poland.
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Resumo

Esta tese tem como objetivo avaliar a aplicacdo de um sistema fotovoltaico flutuante de 1 M\@genmtorio

superior de uma central hidroelétrica de armazenamento reversivel na Poldnia.

O trabalho considera a localizacdo de um sistema especifico, 0os processos de selecédo técnica e econémica dos
componentes principais (moédulos, inversores, sistema ndentagem flutuante, transformador, etc.), e
recomendacdes de montagem e interligacdo com a rede elétrica de média tensdo. Para prever o rendimento
energético do sistema, sdo realizadas simulacdes de desempenho em PVsyst. Os resultados das simulacfes sao
posteriormente utilizados na analise econdémica aplicada a um sistema de leildes. A faixa de preco do MWh é
obtida a partir do leildo de 2020 para sistemas solares e edlicos com capacidade instalada inferior a 1 MW. Para
validar o sistema fotovoltaico flutuam proposto, projetouse um sistema fotovoltaico equivalente montado no

solo, de modo a comparar desempenhos.

Os resultados econdmicos obtidos ndo sao satisfatérios do ponto de vista do investidor. De acordo com a analise
efetuada, ndo se provou um grandmmento no rendimento energético causado pela intensificagdo da
transferéncia de calor na latitude da Polénia. O CAPEX significativamente mais alto torna dificil manter a liquidez
do projeto e estende o retorno sobre o investimento por varios anos em c@ag@a com o sistema equivalente
montado no solo. Enquanto a tecnologia ndo for mais madura, a sua competitividade econémica na Polénia ndo

esta assegurada.

Palavraschave

Sistema Fotovoltaico Flutuante; Sistema de leil®&&ystAvaliacdo técmio-econdmica; Andlise de sensibildade
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1. Introduction

1.1. OUTLINE OF THE PROBLEM

In August 2015, the persistently high air temperatures contributed to the high demand for power Rotisé
power system, reaching the level of approx. 22 GWWesummerpower demand has increased latelye to the
increaseduse of airconditioning devies, which, according to theational @ntral Satistical Office, has doubled

its number in the last five years.

Moreover, hgh temperatures led tdhe deterioration of hydrological condition§he ©oling of conventional
thermal blocks whichinject over 75%of electricity into the Polish gridhas becomeproblematic sincehe low

water level in rivers and reservoirs appeared. Some generating units worked with reduced power or were
completely switched offTocover the demand of the national per system, the transmission system operator
has undertaken actions involving cooperation with operators from@aechRepublic and Slovakia. At thatical

moment, thegeneratingunit y . SOOKF s¢ Ffaz2 FlAfSRD

The result of a series of these events wgsower deficit in thenationalpower system. Therefore, administrative
restrictions on electricity consumption were introduced, which mainly covered large consumers consuming more

than 300 kWThe blackout has been avoided.

1.2. MOTIVATION

The situation degibed above exposes two critical problems of the Polish power system.

Firstly,Poland faces problems related to poor hydrological conditidihe energy sector is dependent on water,
as it is a major colling agent for thermal units in Poland. Lack of egteals overheating of units, which poses

a risk of a unit failure.

Secondlythe installed capacity in Poland is not high enough to cover the peak power demand. The amount of

power providedby neighboring countries is increasiflg. The isk of the whole system blackout is stated as high

2.

Both problemsmay beaddressed by the developing technologytbé floating photovoltacs Peak power of
electricity generation of floating photovoltaic systems covers a first peak power in a poweargrichproves

poor hydrological state in Poland. Floating systems reduce water evaporation in reservoirs.

This is whyit was decided tadevote the following thesis to the topic of floating photovoltaic systems and its

implication in Poland.




1.3. THESIS STRUCTURE

The master's thesis has been divided into seven sections.

The first element is an idepth analysis of the litetare. In this section, the focus is on the technology of floating

photovoltaic systemgheir types, components, advantages, and disadvantages.

The next section covelthe theoretical background. At a later stage of the thesis, the yields of photovoltaic
systems were simulatedTo understand the computation methodology of the software, basic concepts and

computational modelsvere introduced.

Then, all assumptions related to the constructiontteé designedloating photovoltaic system, its powgeand

location are described in detail.

The choice of the main components of the system has a direct impact on energy yields and economic results. The
"Main components selection" describes the process of selecting the main components of a floating PV system:

modules,inverters and floating structure.

¢KS at N22SO0G RSaA3Iyé of thiS Ype dfAndestiment. Fagh elemeit fAMeIsysten dvablJi
described step by step along with the theoretiedplanationsand justification for the selection of specific

solutions. It also includes installation recommendations.

The next section contains the resolt the simulation for the designed system. It was also decided to simulate
the operation of a comparable photoitaic system conventionallymounted on the ground.The simulations

were performed in the PVsyst software.

The last part of the work is devoted to the economic analysis carried out for both floating and graunrded

systems.




2.Literature overvigv

2.1. INTRODUCTION

Photovoltaic farms usually cover large areas, on averag8.5.5a / MWp depending on thelimate They are

best suited for construction in flat, unforested areas with low dustiness and no shading objects around.
Moreover, in Polish conditions, an appropriate provision in the spatial development plan or a decision on land
developmentis needed. As aeasult, selecting an appropriate area becomes problematic, especially since
sometimes, the shape afplot itself limits the use of its area. Therefore, floatpigptovoltaic(FPV) systems are

gaining more and more interest. Currently, the capacity of thlarsPV installations in water exceeds 1 GWp, and
estimatesshow that thepotential may be400 GWp (considering only artificial water reservdg}) The fastest

growth in this sector took place in 20918, with particularly large progregs 2018(Fig. 1). In Poland, there

Ad OdzNNByidte 2yte 2yS Ft2FrGAy3 (Sad Ayaalrttraarazy 20t

arethe prospects for the development of this sectpt].
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Fig.1. Global installed FPV capacity and annual additjdhs

2.2. FLOATING TECHNOLOGIES

The main difference between floating and contienal photovoltaic farms is the supporting structure used.
Some changes also take place at the stage of selecting and designing other components, but the construction

should be given the greatest attention.




Floating PV farms are most often implementedngspontoon structure43]. There are mainly two types of
solutions commercially available. The firslies onsuitablyangledfloats that immediately ensure the inclination
of the moduleg(Fig. 2). Then, individual floats witmounted modules are connected with quick couplers (also
floating) into one platform. This type of produist offered byCiel&Terrg[5]. Alternatively flat floats are used
with mounting profiles between them similato those used in conventional PV installatiaffsg. 3). Various
variants of the arrangement of the floats are possiiidoth technologiesMost often, the floats are made of

high-density polyethylene (HDPE).

Fig.3. Pontoon system by Ministry of Soja}

The entire system is then anchored to the shore or the bottom of the reservoir. The first sakittbheapebut
is usuallynot suitable for largesystemsand deep reservoirs, so it is common feP\Vfarms to anchor them to

the bottom, e.g. with nylon ropef].

The rest of the floating PV system consists of the same components as a conventional installation, except that
they require additional protection against water. Similarly, both central and string inverters are used, which are
mounted on floating platformsr the shore. In turn, AC and DC cables are run on or under the water surface in

special sheaths. The diagram of an exemplary$B¥¢mis shownin Fig. 4




Transmission *
Lightning protection
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modules and grounded) PV modules

Z
bl %%ﬁ

= Combiner box
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Central
inverter (from other arrays)

/

Transformer

Fig.4. Schematic representation of a largeale FPV syste}8]

There are also sersiubmerged systems dedicated to single modules or small installations. Usually, floats are
attached to the lightweight structure. As a result, the movement of the water causes the module to be
submergedperiodically. This reduces light reflections and avoids temperature drift, but at the same time water
absorbs some solar radiation, negatively affecting the spectral range important from the photovoltaic point of
view. Research has shown that in the caba ®V module immersed at a depth of 4 cm, the resultant effect of
the abovementioned effects increases its efficiency by 11% compared to the reference device. However, when
the module was at a depth of 40 cm, its efficiency decreased by[2B% the event of strong winds or large
waves, it is possible to submerge the module thanks to water filling the ballast tanks. An alternative idea to take
advantage of the beneficial effects of water cooling is to mount the modules orbdtgdms or edges of
swimming pools. It has been suggested that amorphous rather than crystalline modules are better suited for this

purpose[9].

In general, flexible modules are used for sambmerged systems due to the stressthat can lead to
microcracking. The use of pontoon structures reduces this type ofBeskides considering the much greater
exposure of modules in water to degradation factors, they must be certified for compliance with tHiENPN
61701 standard (restance to salt mist). Nevertheless, the negative impact of external factors on the corrosion
of the frame (traditionally made of aluminum) may be so large that it will significantly shorten the lifetime of the
entire module (ultimately 2580 years), so theuggested solution would be to use frameless modules, e.g-glass

glass.

Semisubmersible modules are cooled passively by the washing water, while pontoon systems require active
cooling systems. The proposed solutions include, among other nozzles orrecwdgen. The profitability of this

type of investment in the case of FPViigherthan for other systems due to the high availability of water. Taking
into accountthe energy expenditure on powering the cooling system, the yields from such an installation
increase by about 10% per year in relation to the installation on the grfil@jdResearch with the use of a water

curtain showed thatthe generation of electricity increased by -18% while powering the pump for the




considered installation consumed 0.25% of the energy produced. Additional benefits of cooling were the absence

of contamination and the reduction of aging of moduj4].

Regardless of the advantages of the FPV solutions, this technology faces numerous challenges and problems that
need to be resolved before it can be widely disseminated. Currently, its rapid development is certainly blocked
by highe initial costs, which are not necessarily compensated by higher yieldsicture itself may amount to

about 25% of the total project CAPEX.

However, it should be expected that along with the improvement of the technology and the growing number of
producers on the market, the price will decrease. Moreover, at the moment,-teng research on the real
impact of floating photovoltaic installations on the flora and fauna were not noticed. On the other hand,
studies aredescribing thdongterm influence of environmental factors on the degradation of modules. Another
issue is the protection of FPV against freezing of water reservoirs and the possible adaptation of the structure to
work at seaBesides many of the currently developed solutions in theldi®f design, trackingpcusing,and

cooling systems require refinement before they can be introduced to the market.

2.3. ADVANTAGES AND DISADVANTAGES

The subject of FPV is relatively new, and therefore not all aspects of the considered technology hawgyoeen f
verified so far. Moreover, the multitude of emerging concepts additionally broadens the research area.
Nevertheless, all solutions have similar advantages and disadvantages, albeit to a different extent. They are

presented below.
Advantages:

1 increasedgeneration of electricity compared to conventional PV installations by abeli9%8 (with
cooling) due to the high reflectivity of water and its cooling effect, as well as usually lesfl@UEL1]
simulation carried out showed that the amount of electricity generated by FPV is 2% greater than by a
solar farm on land even without coolifi$j2];

1 saving of land that can be developed in other ways;

1 improving water quality by liiting the growth of algae as a result of reducing the amount of solar
radiation reaching the surface of the water reservoir;

1 reduction of water evaporation thanks to partial shading of the water reservoir surface by the PV
installation (depending on the servoir by about 3%0%)[5];

1 possibility of cooperation with a hydroelectric power plant, increasing the flexibility of electricity
generation (in case of low water level or cloud covéegsides the hydropower plant enables ¢
"smoothing" of the production profile of the PV system through and also reduces the investment costs
in FPV due to the lack of the need to build the power evacuation system from scratch;

§ potentially quick installation (modular construction, no need fadie spreparation, ie alignment,

foundation etc.).




Disadvantages:

1 potentially shorter lifetime due to the increased number of factors contributing to the degradation of
photovoltaic modules (high humidity, water ripples, high winds, local sea fog, etc.);

¢ limiting the amount of solar radiation reaching deep into the water mayrtféora and fauna (according
to the authors' knowledge, there is no comprehensive research on this subject at the moment);

1 difficult access to the reservoir for floating means (bfhrecreational and commercial purposesg.e
fishing);

1 larger initial financial outlay than for a conventional PV system by approximate&3@%3depending on

the location, installed capacitand type of constructiofi3] [13];




3. Theoretical Background

The analysis of the performance @V system imposes a set of tirmensuming calculations to be usebh
deriveresultsmore efficiently a professional photovoltaisoftware, PVsyst, will be used in this master thesis.

This chapter will summarigbe main physical models that operate in the background of the PVsyst software

Moreover, supplementary theoretical information related to PV systems designing, simulatiformpimg, or

economic analysis conductimgn be found ireach, devoted to the topic, section.

3.1. SOLAR GEOMETRY

Sun, from the Earth observer perspective, changes its position constantly. To understand the principles of the
movement and to be able tprecisdy predict theposition of the Sun, solar angles have been introduced. Sun
position hasa crucial impact on the energy yield of a PV system, thus its understanding is essential. Main angles

of solar geometry14]:
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Fig.5. Angles of solar geometf$4]
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* ¢ Angle of incidence is the angle among the beam radiation on the surface and the normal to that surface.




‘ z¢ Zenith angle, is the angle measured between the incidence of beam radiation on a horizontal surface and

the vertical.

hs¢ Solar altitude angle, is the angle measured between the incidence of beam radiation on a horizontal surface

and the vertical. It is a complement of the zenith angle.

1s¢ Solar azimuth angle, the angular shift from the south of the projection of the badration on the horizontal

plane. Displacements west tife south are positive and east tie south are negative.

1 ¢ Surface azimuth angle, is the angular displacement of the projection of the normal to the surface on a
horizontal plane from the local miglian. The sirface facing south is regarded as 0°, east takes negative, and
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around its axis. Each hour counts for 15°, and solar noon is respected as 0°. Morningakeursdative and

afternoon hours positive values.

3.2. EFFECTIVERADIATIOBOMPUTATION

Theamount of energy reaching RVmoduledepend onits tilt. To estimate it, the effective incident irradiance

Gett needs to be obtaineth the following ordef15].

Firstly, the horizontal global irradiance G data, which covers both besand=diffuse Girradiances, is obtained

for a specific locatia from the available meteorological sourc@hen,the transformation of these valuess
performed by one of the transposition models. Eventually, from the horizontal irradiance, incident irradiance (on
a tilted surface) is obtained. Here, the incident irradiance consists of three components: beam incident irradianc

Gm, diffuse incident irradiance+@and ground reflected irradiancerG

This step is followed biye calculations othe effect of shading, whicls generated by the near objects drawing
visible shades on a Piodule Before photons reach a silicon veaf which usually is a core of a P\gdule, they

need to get through a glass cover of a PV module and an EVA plastic film (typically) that protect vulnerable cells
from the external environment. This step leads to a certain amount of losses, due to sateapto be reflected

by module layers. The indicator of this loss is called the Incidence Angle Modifier (IAM) andstapéralangle

of sunlight. It is typical to include soiling loss, which corresponds to the amount and frequency of pelsitaint

bird dropping, sand, snow) covering a PV module, thereby decreasing the amount of electric energy generated.

Following the steps, aeffective irradiance & on a PVimodule surface $ obtained (W/n¥). Finally, effective

irradiation may becomputed, which is an effective irradiance over a specific period (kK&Wh/m




3.3. TRANSPOSITION MODEL

One of the physical modelgilizedto compute the incidence irradiance is the Perez transposition model. It relies
on three separate calculations for eachtbé irradiancecomponens: beam, diffuse and ground reflect¢i6].

The first one, beam irradiancés a geometrical transformation. The geometric factor is derived from the
following:

-

oy 0
o A7© @

> i

R, ¢ geometric factor

Grb ¢ beam incidence componeitilted plane), W/n#
Go ¢ beam component (horizontal plane), Wfm

* ¢incidence angle, °

‘ z¢ zenith angle, °

The diffuse component is composedflthree elements First of them is the isotropic diffuseliowed by the
circumsolar, which is in a form of scattering of solar radiation. The third element is the diffuse received from
around the horizon:

p Alro

Y O p O — "0oY "OO0EI &)

Gracdiffuse incidence component (tilted plane), Wim
G ¢ diffuse component (horizontal plane), Wfm

F, = ¢ brightness coefficientéempirically obtained)

I qatilt of a PV modulg®

The last component is the ground reflectance compondite irradiancereflected from the surrounding is
computed by the view factor to the ground multiplied by the ground reflection factor and the horizontal global
irradiance

p AlrO

0 0 s @)

Gr+ reflection incidence component (tilted plane), W#m
G¢ Global irradiance (horizontal plane), WAm

1z ¢ reflection factor of a ground
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All three components beam, diffuseand reflection irradiance of a tilted plane, form togetheith the Perez
model with global irradiance on a tilted plane&the desired alue This equation enables to predict how much

energy ofthe sun will reach a surface tilted at any angle.

ATro @ f s AT10
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3.4. PV CELL GNDIODEAND FIVE PARAMETERIDEL

The dectricalperformance of a PV cell in PVsyst software is computed with thedmte modelbased on five
parameters(Fig.6). With the assumption that all cells are identical, the model is applicable for modulas or

array of module$17].

Rs I
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Fig.6. Onediode (five parameters) model circyit7]

At a fixed solar irradiance and temperatusehavior ofa PV module can be describedfaows[17]:
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| ¢ current generated by a PV cell, A

IL¢ photocurrent, A

Io ¢ diode current, A

lo ¢ reverse saturation current, A

V ¢ voltage at PV cell terminals, V

Rs ¢ series resistancen

Rrnga Kdzy i NBaA&llFyOSzT m

ke. 2t 0T YFyyQa O2yaidlyids WwWkY
g ¢ charge of the electron, C

T¢ cell temperature, K

h ¢ ideality factor

11



Reference conditions and data provided &ynanufacturer coveinformation to computeall five paraneters:
photocurrent, diode current, series resistance, shunt resistaacel ideality factor Therefore, for any given
conditions, parameters are determinesbncerningthe reference values, which are measured in Standard Test
Conditions (STC). These coiatis are charactezed by the followind18]:

1 Incidence irradiance &= 1000 W/,
1 Cell temperature &iref= 25,
1 AirmassAM =15

3.5. TYPES OF MODWIDAMAGE

There are many types of damage to photovoltaic modules. Some of them, such as delamination or junction box
defects, apply to all common types of modules, and others are characteristic of silicon modules. Among them,

the most common ar¢l5]:

EVA foil discolorationusually caused by the low quality of the component, which under the influence of external
conditions undergoes chemical reactions leading to local discoloration. These types of defects are mainly

considered to be aesttic defects that do not significantly affect the operation of the module

PV cell microcracksdue to the fragility of silicon wafers, excessive pressure is often applied to their surface
during production, transportor assembly, and consequently, cracks usually invisible to the naked eye appear.
Over time, their propagation may occur, leading to the isolation of some of the cells and, as a result, a significant

decrease in power and efficiency

Hot-spot - local overhating of a module, usually caused by reverse current flow caused by other damage, can
lead to burning marks on the surface of a module. The phenomenon itself usually does not significantly

deteriorate the parameters of the module.

PID effect this phenomeon occurs due to the potential difference between semiconductors and, for example,
an aluminum frame or solar glass, and leads to electrochemical corrosion ofrtiengtion, which reduces the

energy yield

LID effect- that is, the bororoxygen defectDuring the first exposure to solar radiation, positively charged
oxygen molecules (pollution during production) diffuse through the crystal lattice of silicon, and then their
chemical reaction with the accepteboron. The resulting molecules create theirergy levels and trap electrons

and holes, reducing the power of the module. The power loss is assumed to be around 2%. Of course, the

phenomenon only applies to boretioped silicon wafers.

Unconnected cellsit happens that due to the low quality of klering, one of the cells in a module may not be
connected to the others, which, taking into account the series connection of cells, significantly reduces the power

of a module.

12



4.Assumptions

It is assumed that the floating photovoltaic system, whichssilgject to this master thesis, would be treated as
a pilot installation. If only the investment pays off as expected, the potential of the reservoir can be exploited to
a greater extent by increasingstalledcapacity, and in consequence, generate monergy. The potential of

the reservoir and area needed for a 1IMWp system is calculated and described in detail in the next sections.

The investment idea below depends on many factors thate tobe assumed at this stage of the project.
Nevertheless, eacbf the assumptions in the following section has been described and suppbased ona

literature reviewor business practices.

4.1. CAPACITY INSTALLED

Currently, IMWp of power installed is a trend in Poland regardingyeanstructed PV power plants.

To fulfill EU energy mix requirements, several national support mechanisms for producers of renewable energy
have been introduced. PV systems exceeding 500 kf\installedcapacity can be assigned tbe auction
mechanismgesembling ontracts fordifferences (CfD). Producers sell energy generated on the Polish Power
Exchange for a price regulated by the market relationainlysupply and demand. Theuctionsupport
mechanism provideproducers witha constant price pewunit of energy sold, which mitigasehe risk of the
investment at the same time. However, price is not constant for each producer, as it occurs in the-fasfi
mechanism. Government issues a call for tenders (auctions) to increase renewable eapagigycto a certain
degree. Investment developers participating in the auction submit a bid with a price they treat as high enough

to make their projects feasible. Bidders who fuBpecific criteria and offethe lowest prices sign eontract.

Two s@arate auctions are being conducted for RES projdmttow and above 1 MW of installed capac®Bmnce
wind and solar projects are in the sarmectiondbaskets, electricity prices for projects over 1MW are regulated
mainly by the windhillsinvestorsg prices are too low for PV projects to meet a brealen point in a reasonable
time, thusa minority of solar projects win an auction. Théee, thereare significantly higher prices per uoit

energy yieldo be obtained in the projects below 1 MW.

Taking into consideration the discussion above, it is assumed that the 1IMWp floatinth@Supject of this
master thesis) will take part in theuction mechanisnand the project will have slightly less capacity installed to
meet the requirement ofhe projects below 1MW. The detailed value of installed capacity is given ibesigi

section, asistronglyRS LISy Ra 2y G KS Oand nzye&)mitatiars 4 St SOl A2 Y
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4.2. MARKET ANALY&®LAND)

The selection of the potential location of tHieating PV system was limited by the author to Poland. The rapid
and promising boom in the solar energy market creates opportunities for investment success. Only, ©02019
MW)p of photovoltaic powewasconnected to thedistribution network, while accating tothe Institute for the

Renewable Energyhe total value of installed power exceede®30MWp inMay 2020[19].

The datgprovided abovéncludes lowand highvoltage installations, however, the largest increases arecaetui

by microinstallations (installations up to 50 MWp) aimed at reducing electricity consumption from the network,
not at direct salesof energy This trend is dictated by the recently changed legal regulationsirgnatduced
support programs, as well #ise extension of the definition aiprosumer (producecconsumer)Currently, most

of the enterprises can benefit from the prosumer energy accounting system, which was available before for
natural persons only. Moreovethe VAT rate for purchase and assily of PV systeghas been reduced from

23% to 8%Thanks to theithermo-modernizatior tax exemption program, natural persons may qualify their
investments related to the ecological modernization of buildings (inter alia PV, @®lectors,or heat pumps)

as eligible costs. Such a procedure allows an individual to generate additiomgjssdue to reduced income tax.

In the case of projectshat are not classified as prosumdype, dynamic growth was also recordéately.
Although 2019 was not the best in terms of installed capacity from renewable energy saufeekand \{ind
energy investments legislatively frozenthe share ofcommercialphotovoltaic systemsn the energy mix
increased significantlifkewise[20]. At the end of 2019, the installed capacityRW¥systems increased by 331
MWp - to the level d 478 MWp[21]. This is a direct effect of the capacity market introduced in Poland in 2017.
Interestingly, the data shown above reflect built and fully operational systems, and thus still large amount of

MWp is waiting for itsconstruction

The above brief analysis of tloairrent state of photovoltaics in Poland shows how absorptive this market is.
Forecasts appearing in the reports seem to be very optimistic. For example, the IEO Institute for Renewable
Energy report includes tw national energy development strategies in Pold@d]. PEP 2040, the counfgy

energy policy strategy envisages an increase in the share of photovoltaics in 2040 up to 20.2 GW, while the
forecast of KPEIK 2030, the National Energy and Climate Plan, reaches 15.7 GW in the same year. The exact
numbers are not reliable indicators ihé autho @ opinion, howevetrthere is a high probability that the upward

trend will be maintained.

4.3. LOCATION

The subject of this work is a 1 MWp floating photovoltaic system. Therefore, the choice of installation location is

limited to inland water resemirs.

Poland is a country with strong hydrogeological sensitivity. Any action to limit water evaporation is advisable and
to some extent has a positive effect on the state of water management. The photovoltaic modules covering a

water reservoir receive soenof the solar radiation. As a result, the temperature of the surface water layer
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(epilimnion) is lower compared to a reservoir not equipped with a PV system, which in turn directly affects the

reduced water loss in the form of water vapor.

Epilimnioniswarmer and hasypicallyahigher concentration of dissolved oxygen and carbon dioxide. Combined
with sunlight, phytoplankton is being createdl naturalwater reservoir covered with modules could reduce this
phenomenon, thus interference with the water@system would appear. Due to social and ecological aspects, it

was decided to limit the choice to those creatadificially ¢ mitigation of environmental impact

One should noforget that energy generated in the PV system probably would not be consumed locally. Power

transmission requires power lines, and so does a PV system. Another requirement is access to the power grid.

Two facilities meeting all requirements were selected in ty of elimination- upper reservoirs of two Polish

pumpedd 1 2 NI 3S K& RNER LJ2 ¢ SNJ LI I y (ity2 NuBsB] Ng t. 2A0HKNJF2 dOMS G GIAYSRL
partially stateowned largest Polish power company PGE Polska Grupa Energetyczna S.A.,easpetifically

its subsidiay PGE Energia Odnawialna S.A. By design, both power playtxcesgcheaper)electricenergy

from the gridto pumpwaterto fill in anupper water reservoir. If necessawater is being drained while driving

water turbines. The system is able to supplement power shortages in the national system.

According tothe transmission system operatdPSES.A) data, two peaks in thedaily instantaneous power
demand in the national power system can be distinguished. The first betwaen.&nd2 p.m, and the second
between4 p.m.and 9 p.m.[23] The exact time of peaks depends on many factors, but the kayléy ofthe

week and temperature.

Solar radiation reacheke highest valuesround noonwhich directly translates into the efficiency of the solar
system. Hence, the syst@npower generation is the largest at the time of the first of the two peaks. This

convergence makes the hybrid system of the pumptmtage power plant witla photovoltaicsystem suitable.

Fig7d ! SNALFE @ASgs 2F GKS dzLILISNJI ¢ |- siofde hywiogobeNe®@sSNI 2 F (G KS
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Finally,the pumpedd G 2 NI 3S K& RNRLIR2-AISND L | K2a@WNDDH &I I MBEAAIY L (S
floating photovoltaic system. The choice has been made due to th@uwexperience in the photovoltaic sector.
There is a grourhounted system installed with cgpacity of 0.6 MW[{24]. This shows that manageo$ the

unit are aware of the economic and ecological benefits associated with photovoltaics.

4.4. LOCATION CONDITIONS

The design process of tlileating photovoltaic system requiredetailed knowledgef the potential location.

Subzero temperatures occur in Poland regularly during the winter season. The water in the upper reservoir of

GKS t AMING LIdzY LISR aG 2N 3S KERNBLIRGSNI LX IFyd Aatthe2d Ay O
freezing ofthe surface layecan occur This is crucial information, especially for the mounting system selection

process. Its durability should be tested in this respect, and a manufacturer should take responsibility in the event

of afailure in the form of a warranty contract.

Once a year, ater in the reservoir is completely drained for maintenance purposes. During this period, which
usually lasts a week or two, the reservoincrete surfacés cleanedand repaired if any cracks occlitowever,

this does notequalthe disqualification of tie floating system. There amountingsystems on the market that
allowa photovoltaic system to settle on the groutin such case<nly manufacturerghat can provide iwill be
consideredduring the selection proceshe question is if the operator dfi¢ power plant finds the maintenance
process doable with the system placed on the grouHuis issue will be possibly answered in the next phase of

the project.

Moreover, he bottom of the reservoir is not perfectly flat. Settlement of fe\system on nevengroundcould
lead to inefficient operation, andventuallyits damage. The connection of the bottom of the reservoir with its
walls is rounded, therefore the usable area for the floating system is limited. Adequate distance from the edge

of theresewoiris required.

The last element characterizing the selected location is the risk associated with shading. There are no buildings,
tall trees or other objects posing such a risk in the vicindgwever, when the water level in the tank decreases,

its walls in the case of low sun position could negatively affect the performance of the system. Therefore, it is
necessary to movthe systemaway from the edge (especially the southerndgrovide asafe distancewhich

has been included in the design.
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5.Main Component$election

5.1. SELECTIGDF MODULES

Largescale PV systems consist of several components, howthevast majority of the initial investment cost
is dedicated to modules. Thusautious selection of modules is crucial during designprocess, especially if the
system operates in unfavorable conditions. A floating PV systempissed toa high humidity level, which leads
to higher corrosion risk as water (electrolyte in thesetrochemical metal corrosion) accelerates the process.

Such conditions make modules extremely vulnerable to defects.

Thus humidity resistance is the first factaonsideredwhile selecting module$or this specific projectThe
Ingress Protection (IPpde classifies the degree of protection of a device by casing ageétst, dust, intrusion
and accidental contact. IP8s the secondhighest available rank provided by modules manufacturers and such

modules can withstand harsh conditions.

Another limitation is a manufacturer as itself. It is recommended that l@ag@e PV projects should rely on
verified PV module manufacturers with a solid financial condition. Nottbelperformance of a device matters
but also assurance, that a compamyil still exist if warranty claims are issuéd the future Modules are
protected by a manufacturer usually f@5 years or more. To be sure th#te module selection process is
properly performed, Bloomberg L.P. quarterly shares a list (TIER 1) ofnmsmilules manufacturers witkhe
highestranked bankability26]. The manufacturer of modules selectefdr the projectis required to bdisted

there.

Two main technologies cover the market: polycrystalline and monocrystallmemonocrystalline technology,

the more efficient one, has always been considered significantly more expensive, thusdalggrojects were
usually not exploiting this technologyt. Has changed and rapid drop in prices of this technology has been
witnessed. Moreover, a floating structure is constantly subjected to different force combinations.
Monocrystalline modules are less prone to microcracks resulting from thermomechanical stresses due to the
homogeneous structure of the silicon grainkhusthe module selection is further reduced to monocrystalline

technology only.

Many other factorshould be taken into consideration while selecting modules for an investment. Performance
indicators, such asT& peak power, efficiency, fill factor, certificati@specialllEC 61701dSalt Mist Corrosion
Testing of Photovoltaic (PV) Modutgor guarantee termsg all are crucial Electrical parameters antheir
dependence orthe temperature of modulesreimportant either. Combined with price and accessibiliy the

marketmakes itfinally feasible to compare modules.

The abovementioned aspects have been verified with modias are produced by TIER 1 manufacturers

accessible on the Polish market. The miedihat fulfilled all of the crucial requirements ([P@&ater resistance,
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1500 V maximum system voltage, salt mist corrosiertification, MC4 connectojsand showed both good
performances with competitive price islinkoSolar JKM320M0-V (Thl. 1, full déasheet in the appendjx The
auctionmechanism, described in the previous section, imposes the total DC power to be closi\p hut not

above

Thbl.1. JinkoSolalKM320M60-V module data sheet (own elaboration basedrig. 44)

Module Type Jinko JKM320M-60-V
Specifications Mechanical characteristics
max. power, P_max 320 Wp no of cells 60
max. power voltage, V_mpp 334V dimensions 1665x1002x235mm
max. power current, |_mpp 959 A weight 19 kg
open-circuit voltage, V_oc 409 V Junction box IP67
short-curcuit current, | sc 1031 A connector JKO3M

module efficiency  19.18 %
max. system voltage 1500 Vdc
max. system fuse rating 20 A

power tolerance  0~+3 %
temperature coefficients of P_max  -0.37 %/°C
temperature coefficients of V_oc  -0.28 %/°C
temperature coefficients of |_sc  0.048 %/°C

NOCT 45 *C

5.2. SELECTIODF INVERTERS

After completion of the module selection process, the second most important elements of the system are left
for the selection - inverters. Due to the first assumipnhs established, the choice was limited

to transformerlessnverters. Other solutions are not that popular on the market, hence their accessibility is
limited. Moreover, parameters such as weight, efficiency at different lpadsl a wide range of voltage

compatibility indicate that no discussion is needed in this case.

Questions arise now: string inverters or central inverter? The answeit idepends. Each PV project designer
takes different aspectmto account as a priority, such awice,durability, maintenance easeand cost or

landform.

Itis assumed, that panels wfodulesmayslightly rotat and wae, whichcancontribute negatively to the energy
yield with a central inverter solutioOn the other handproblems may occur while mouing string inverters

due to the limited space. Nowadays, manufacturers release new string solutions with high DC power dapacity.
vanishes a clear difference between string and central technologies and simultaneoo#ijnes all of the
advantages of atdng solution witha relatively low price per kW. Thus, the project whichhie subject of this

master thesis will take advantage of large string inverters.
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Some already mounted installations include floating platforms for inverters and electrical egpipHowever,
usually humidity resistance in floating photovoltaics is not that problemadiesause DC cables are wired
together and put out of the reservoir to the designated and insulated place. This is the scenario to be used in the
master thesis pr@ct. It requires special attention, while sualsolution poses a risk of voltage loss. The cross

sectional area of DC cables should be adjusted carefully then.

A thorough market research analysis combined with compliance to aspects mentioned abovéhkedegection
of Huawei inverters, which are currently rankegivilorldwide according to the number of inverters sqv].
The one that fulfilled all of the requirementshiiaweiSUN200QLO5KTEH1 ¢ a 105 kWstringinverter with 12
DC inputs and éaximum power pointrackers(MPPT)Tbl. 2,full datasheet in the appendjxMoreover, this
inverter can withstand harsh conditions withe IP65 rating and hasfusefree design. Price and accessibility in

Poland maketia perfect choice for the floating PV power plant.

Thl.2. Huawei SUN20GDO5KTEH1 inverter data sheet (own elaboration basedrig. 45)

Inverter Type Huawei SUN2000-105KTL-H1
Efficiency Output
max. efficiency 99.0 % rated AC active power 105,000 W
European efficiency 98.8 % max. AC apparent power 116,000 VA
max. AC active power 116,000 W
Input rated output voltage 200 V
rated AC grid frequency 50/60 Hz
max. input voltage 1500 V rated output current 75.8 A
max. current per MPPT 25 A max. output current 846 A
max. s-c current per MPPT 33 A
start voltage 650 V
mppt operating voltage range 600 -1500 V
rated input voltage 1080 V
number of inputs 12
number of MPP trackers 6

5.3. FLOATING SYSTEM SELECTION

Floating PV technology strengthens its market position. There are many solfdidteating mounting systems
based on various materials available, howetee most common design used in large PV systems are pontoon
type floats[3]. These selbuoyant floats are created in the blow molding technology process. The base raw
material in the process is recyclable higénsity polyethylene, due to which the production is relatively Jow
cost. On the other hand, very good mechanicaksgth parameters and chemical properties allow long

operation in harsh conditions. The angleadfit of modules is fixed.
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Among several pontootype floats manufacturers, onleas been selectedFrench Ciel & Terre. The portfolio of
completedsystemsexceedingn total 300MWp and presence on the European market m&kel& Terreghe only
candidateas a floaterssupplier for the pumpedstorage hydropower plant [28]. The selected reservoir is
conditioned by certain features desibed in thedlLocation conditions section. One of them is limited water
movement andsub-zerotemperaturesoccurringduringthe winter seasos. As a consequencéhe top layer of
water coverswith iceeasily and thereforethe thicker the ice cover, the greater the forces acting onrtteinting
system Ciel&Terr@ projects, apart from the largest range in Asia and Western Europegxsilstin climatic
conditions comparable to Poland. An example is the installation in Swemjgerating since 2015, regularly

exposed to low temperatures and snowfall

One of the Ciel&Terre technologiddydrelid' Classic, is offered in three different variants of the modilte

angle: 12, 15, and 22 (Fig.8) [29]. None of the available angle variants is optimal for Pdasitudes There is

also no way to conveniently adjust other dimensions, such as distances between rows. In the "Project design"
section, an analysis was carriegt@n which of the available versions gives the best yields in relation to the price

of the structure.The analysis of the selection of a specific madatonductedin the next section. It was
mentioned that once a year the reservoirdsainedand cleand, thereforethe structure must beadapted to

work on the ground withougnyrisk of damage. The manufacturer ensures thatithelrelid' Classic technology

fulfills this function.

Fig.8. Ciel&Terre HydrelttClassic technolod@0]

Apart from the supply of floating systems, Ciel&Terre conducts the implementation of the anchoring system.
Designing such a system is not the subject of this thesis, thus it is assumed that Cielda\éngs experience in
GKAA G2LIA0OI ¢2dzf R RSaAIy | AR N dZAFSNI Adi ® yIiy NBRS NDI2H NE2

engineering challengea frequent change of water level with high amplitude occurs. It is possible to anchor the
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sysem to the banks of a reservoir, to its botterar to concrete piles embedded in the bottom. In some
situations, the combination of all three options mentioned above is used. The choice is up to the designer and
depends among others on the location, bottoshape (bathymetry), soil or bottom condition, or changes in
water level[3]. A dight movement of the system is permitted, howey#rte southern direction (in the case of

the northern hemisphere) must be kept. The efficiencyhef entire system depends on it.

Lastly, Ciel & Terre offers a-§8ar standard warranty on the reliability of its design. It is also possible to extend

it for another 15 years.
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6.Project Design

6.1. MODULES LAYOUT

6.1.1. NUMBER OF MODULES

As explained ithe section4.1 CAPACITY INSTADLtBe cumulative installed power of modules cannot exceed
1 MWp, however, it is intended to be as close as possible efttlowingvalue.The number of modules will
AUNRAOGE e RSLISYR 2y N¥ QSABREEQcodRientidMES f AYAla | yR
Due totheseassumptiors, the modules distribution scheme has beproposedas follows

1 8 independent arrays connected to separateing inverters,
1 12 strings on 6 MPRBWithin each array,

1 32modules in serieforming one string.

According to the modules peak power, which is defibgdhe manufaturersas320Wp, the scheme presented
above results ir883.04 kWp in total. The correspnding calculationgroving the temperature, voltageand

current match of tlis layout, are placed in the next sectidh2 Inverters

6.1.2. TILTANGLEAND INTEROW DISTANCE

In floating photovoltaics the tilt angle of modules depends highly on the technology used. Overall, steady
install mounting systems have alreatiyed anglethat manufacturers findhe most universalfor the market
needs The supplier of mounting systems to be used in the following th€g4& Terre and itsHydrelid' Classic

technology is available in three different angle variants: 12°,drid 22°.

The Aatitude of the designated area requires significantly greatettilt angle to achievehe best possible
performanceby the PV systemAccording to the Pyst software,the highest energy yield would be achieved
with modules liftedbetween37° to 417 however, such systems generally do not exist indbemercial market
(usually maximum tilt is 3Q°)t is clear, thathe Hydreli®' Classic technology variant® not fit the angles

considered as most suitable for the site.

Following the practice, the distance between roafs?V moduless calculatecbaseal onthe highest position of
the sun achieved on the shortest day of the yeahich is Decembe21%¥/22" [31]. The designated location for
the floating PV system (latitudd9.79°)is characterized by 16.78ig.9]. The angle of sunbeamthe distance
between rows and, as aconsequenceshading generate@n modules are strictly related tahe amount of

energyproduced by the system. Hence, it is important to take this guideline into account.
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Fig.9. Sun path chart for the designated locatiG2]

According tahe equation(6), the distance iglerivedas follows

0 Q@Ooz OEJ Qa o
OAHe QaQ (6)
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Fig.10. Scheme of tilted modules (22°) on the shortest day of the year (own elaboration)
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Unfortunately,the limitation not only exists in terms of thiit angle of PV modules but also in the distance

between rows. The manufacturer imposes this dimension by floaters that keep the whole structure tqgether

g KAOK

is doable to connect two of them in parall@lig.11).

Fig.11. Hydrelid/ f | 8 & A O

Eventually, none of theonsideredcombinatiors of tilt angle withay dzY o SNJ 2 F
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distance obtained from the equatiqi®). Neverthelessto find the bed possible solutiotthe optimizationanalysis

has been conducted®ne array of 12 strings containing 8mplemodules (384 modules in total) was subjected

to the optimization evaluatior{Tbl. 3. The optimization evaluation considered assumptions described in the

G{AYdzZ  GA2YE

aSOlAzyo

Thl.3. The optimization evaluation results based Msyst

il number of annual energy  specific production,  performance shortest
"bridge floaters" yield, MWh kWh/kWp ratio PR day shading
variant 1 22° 2 117 969 0.855 12%
variant 2 22° 1 112 924 0.815 25%
variant 3 15° 1 114 940 0.849 15%
variant 4 12° 1 114 946 0.866 8%

The best performance isvitnessedfor the 22° tilt andwo a 6 NA RIS Ft 2 G SNEE O NAF yiG o

yields ofvariant 1 compared to/ariant 3 and 4 is not significan€ombined with additional investment cost

associated wittanincreased number of floaters does not make variamhéd best possible optionthus it is not

selected as a combination for further consideratigkmong variarg 3 and 4, slightly better performae is

obtained by 12° tilt. Moreover, the v