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Abstract: The transition process from fossil fuels to environmentally friendly renewable energy
sources carries the risk of creating new environmental damages. Photovoltaic technology represents
one of the alternatives with the least risk of harmful environmental impact. However, this technology
has two important drawbacks: the significant land occupation for the installation of PV systems and
the uncontrollability of production. By constructing floating photovoltaic plants on hydroelectric
reservoirs, both of these problems can be reduced to an acceptable level. Some artificial reservoirs,
originally built for hydroelectric power plants, have acquired a significant secondary function as
recreational areas and fish breeding sites. Therefore, there is justified resistance from the local
community to change the existing appearance and purpose of such reservoirs. This paper proposes
a completely new concept of integrating the interests of the local community into such objects.
In addition to preserving existing uses, the concept also offers new features. This can make the
entire system environmentally friendly and sustainable. This paper details the technology behind
the construction of floating photovoltaic power plants on artificial reservoirs and emphasizes their
various advantages. These benefits include the non-utilization of cultivable land, the ease of assembly
and construction, integration into existing power grids, and the potential to address electricity storage
issues. For instance, Busko Lake, covering an area of 55.8 kmz, may host 2.93 km? of installed floating
photovoltaic (FPV) facilities, enabling a total installed capacity of 240 MW. With an average of 5.5h of
daily sunshine, this totals 2007 annualhours, equivalent to a 55 MW thermal power plant. An analysis
showed that, with losses of 18.2%, the average annual production stands at 302 GW h, translating to
an annual production value of 18 million € at 60 €/MWHh. The integration of this production into an
existing hydroelectric power plant featuring an artificial reservoir might boost its output by 91%. The
available transmission line capacity of 237 MW is shared between the hydroelectric power plant (HPP)
and FPV; hence during the FPV maximum power generation time, the HPP halts its production. HPP
Orlovac operates a small number of hours annually at full capacity (1489 h); therefore in combination
with the FPV, this number can be increased to 2852 h. This integration maintains the lake’s functions
in tourism and fishing while expanding its capabilities without environmental harm.

Keywords: acceptable environmental disruption; community acceptance; floating photovoltaic
systems; hydro accumulation

1. Introduction

The fundamental problem of existing electricity generation technologies is their harm-
ful impact on the environment [1]. Another equally important issue is the limited avail-
ability of fossil fuels. As a solution, technologies based on renewable energy sources are
currently being offered. Photovoltaic (PV) technology is considered highly promising [2,3]
so that in the last 20 years PV technology has been treated as key in the process of replacing
fossil fuels. As of 2022, over 1000 GW of PV installations have been installed worldwide,
marking a significant milestone in the global shift towards sustainable and renewable
energy solutions, with the capacity to power homes, businesses, and communities while
reducing our reliance on traditional energy sources [4].

Energies 2024, 17, 2760. https:/ /doi.org/10.3390/en17112760

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17112760
https://doi.org/10.3390/en17112760
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5895-1894
https://orcid.org/0000-0002-2866-4891
https://orcid.org/0000-0003-4895-6223
https://orcid.org/0000-0001-5032-2890
https://orcid.org/0000-0003-4891-0209
https://doi.org/10.3390/en17112760
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17112760?type=check_update&version=1

Energies 2024, 17, 2760

20f21

In the same year, according to research conducted by the International Renewable
Energy Agency (IRENA) [5], the production cost of one MWh of electricity from PV
installations amounted to 48 € with the highest decreasing trend. For comparison, the
production cost of one MWh of electricity from other renewable sources was as follows: 48 €
for hydroelectric power, 33 € for wind energy, and 67 € for biomass energy (Figure 1) [5].
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Figure 1. Trends in the production cost of electricity from various renewable sources in the period
20102021 [5].

The advantages of this technology include an infinite source, environmentally friendly
impact, simple construction, and easy maintenance. The disadvantages include occupying
useful (often cultivable) land, large daily production variations, and production unpre-
dictability. As a solution to the problem of occupying cultivable land, floating photovoltaic
(FPV) systems are being implemented [6-8]. This approach involves installing PV systems
on already occupied surfaces of natural or artificial water bodies such as hydroelectric
reservoirs, irrigation canals, water reservoirs, natural lakes, river streams, marine surfaces,
etc. This technology is in a state of continuous development with a constant trend of
decreasing production costs and increasing efficiency, so it is expected that the production
cost will be competitive with that of thermal power plants [5,9]. In the period from 2010 to
2020, a total of 2.6 GW of FPV capacity was installed worldwide [10]. Leading countries in
FPV installations during this period included China with 1.3 GW, Taiwan with 312 MW,
Japan with 260 MW, Vietnam with 156 MW, South Korea with 130 MW, India with 104 MW,
Netherlands with 104 MW, Israel with 104 MW, and all other countries with 78 MW [10].
The advantages offered by floating solar power plant technology are as follows [11]: im-
proved efficiency, no use of valuable arable land, reduction of water evaporation, utilization
of existing electrical infrastructure, complementary operation with hydro reservoirs, re-
duction of algae growth, a new source of revenue for the owner-user of the water surface,
less-soiling of solar panels, easier cleaning, cooling potential, and simpler installation.

Although PV technology is considered an environmentally friendly form of energy
transition, its impact on the environment is not neutral. Many studies have been conducted
highlighting the pros and cons of this technology [12-16]. All of these studies clearly em-
phasize the advantage of PV technology over coal but also warn of other dangers of harmful
environmental impact. The following problems related to the application of PV technology
and its impact on the environment are particularly mentioned in these and other papers:
land use [13,17,18], alteration of landscape appearance [19,20], deforestation [15,21], poten-
tial fire hazards [22,23], increased demand for rare materials [24,25], recycling issues [26-28],
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and the use of harmful materials in the production of photovoltaic modules [14,29]. As a
result of the potential adverse environmental impact of PV plants, resistance from the local
community to the construction of these plants arises [20]. One solution to such a problem
could be the harmonized operation of two principles: acceptable environmental disruption
and alignment of the interests of the local community with those of the investors.

The variability and unpredictability of production from PV plants pose important
technological challenges for the application of PV electricity production [30-32]. Various
energy storage system management techniques are proposed to ensure continuous supply
of electricity to consumers and provide the necessary quality of electricity [33-37]. One solu-
tion is the integration of PV plants into the production system of hydroelectric power plants
(HPPs) [38-51]. The existence of HPP reservoirs enables efficient and inexpensive energy
storage, which can contribute to solving the problem of production unpredictability and
variability of PV. HPPs with large installed capacities (>100 MW), possessing large-capacity
hydro reservoirs (>100,000,000 m?) and large lake areas (>10 km?), are usually connected
to the power grid. This means that there is already infrastructure capable of absorbing
power from PV plants comparable to the power of HPPs (>100 MW). Properly selected
management strategies for the integrated HPP and PV system can result in significant
gains in terms of increased production and/or increased profits compared to separately
managing the HPP and PV systems [38]. The following paragraph provides an overview
of works that stand out in covering the combination of hydroelectric power plants with
floating photovoltaic power plants.

In paper [40], the authors explored the overall potential of integrating FPV into HPPs
with reservoirs worldwide. The total capacities of HPPs with reservoirs amount to 842 GW,
covering a total reservoir area of 265,700 m?. By utilizing just 25% of these areas, it is
possible to install 4400 GW of FPV. Paper [38] analyzed the potential for integrating FPV
into the 20 largest hydroelectric power plants in the world. It was shown that covering
10% of the reservoir area increases the energy production of HPPs by 65%. In the paper [39],
the authors investigated the possibility and potential of installing floating photovoltaic
systems in existing hydroelectric power plants in Greece. It was estimated that 24 existing
hydroelectric power plants in Greece, along with their reservoirs, have the potential to
install FPV on 10% of the reservoir area, totaling 3861 MW with an annual production of
5212.35 GWh. The paper [41] highlighted the benefit of using FPV installed on reservoirs in
locations where droughts occasionally occur, which makes permanent energy production
from hydroelectric plants impossible. This is particularly evident from the increase in
capacity factor by 17.3% when FPV is placed on the analyzed accumulation. Paper [42]
points out the possibility of complementing hydroelectric power plants and FPV for daytime
peak electricity demand using the linear optimization method. The authors particularly
emphasized the effect of cooling the FPV due to the water from the reservoir, which leads
to an increase in the efficiency of the system and greater production of electricity. Paper [43]
discusses the integration of floating photovoltaic (FPV) systems with hydroelectric power
plants, focusing on the specific example of the Ghazi Barotha Dam in Pakistan. It analyzes
the challenges of installing large-scale FPV plants far from populated areas, which can
increase transmission and distribution costs. By utilizing water bodies for FPV installation,
this approach offers advantages such as leveraging existing infrastructure and reducing
greenhouse gas emissions from the construction sector. Paper [44] presents the design
and evaluation of Pumped Hydroelectric Energy Storage Systems (PHESS) integrated
with a PV system for self-consumption at Mutah University in an area with high solar
radiation potential in Jordan. The study determines optimal energy storage and system
sizing, achieving an annual energy production of 9230.89 MWh annually, thus meeting
the university’s demand and resulting in significant cost savings. The authors in [45]
explored the impact of battery energy storage on energy systems consisting of renewable
energy sources, which is crucial for transitioning from fossil fuels to renewable energy. By
modeling an energy system integrating solar, hydroelectric power plants, and batteries in
Turkish cities, the implications of energy storage are assessed through a stochastic nonlinear
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optimization approach. The study reveals that adding battery storage devices enhances the
flexibility and reliability of the system, influencing profitability and hydroenergy planning.
Studies like [46,47] have looked into the advantages and technical possibilities of combining
hydropower infrastructure with floating photovoltaics (FPV) in Europe. The potential for
installing FPV on 337 hydropower reservoirs in the European Union was evaluated [46].
They projected a yearly energy output of 42.31 TW h and potential water savings of up to
557 million cubic meters. They also highlighted that by covering only 2.3% of the surface
of the analyzed reservoirs in the European Union, they obtained an additional 68% of
energy compared to the energy of hydropower plants. In Africa, the paper [48] highlights
even more how FPV integration with hydropower reservoirs might help with water and
energy problems. According to their study of 146 reservoirs in Africa, the implementation
of FPV has the potential to greatly boost electricity generation by possibly up to 58%.
Furthermore, depending on the situation and the FPV technology employed, the decrease
in evaporation brought on by FPV installation may result in significant water savings and
open the door to further hydroelectricity generation up to 170 GWh. In the paper [49],
the potential of pumped hydroelectric storage in Spain for the integration of FPV was
analyzed. All hydro accumulations were considered, and a classification was carried
out in terms of defined criteria: energy efficiency, nominal power of FPV, solar potential,
and accumulation capacity. The obtained results show that only 8 out of 25 considered
accumulations are suitable for FPV. In the work [50], optimal operational strategies for
managing the FPV and pumped hydroelectric system in the electricity market with day-
ahead planning were identified. The identified strategy provides an economic gain of up to
35% in the scenario of penalties for deviations from planned production amounts if both
plants are treated as one system. In the work [51], the example of a hydro accumulation
in Italy is discussed in terms of increasing the electricity production of a hybrid FPV-HPP
system. With 25% coverage of the accumulation due to the reduction in water evaporation,
the increase in HPP electricity production is up to 3.56%, while with installed FPV, the total
production increases by 391%. In paper [52], an innovative approach to designing hybrid
renewable energy systems (HRES) for remote communities emphasizes the integration of
pumped hydro energy storage systems (PHES) alongside batteries to enhance reliability
and minimize costs. Through the application of smart grid principles and demand-side
management techniques, including a dynamic tariff based on fuzzy logic, the proposed
HRES aims to achieve the lowest cost of energy and maximum reliability, with a projected
payback period of 7 years. The findings highlight significant improvements in convergence
time and a 53% reduction in the levelized cost of energy (LCOE) compared to traditional
flat-rate pricing tariffs. In [53], the authors focused on techno-economic analysis of FPV
power plants and their comparison to standard land PV power plants. Their analysis
showed that the usage of FPV power plants resulted in a reduction of the levelized tariff of
FPV to 39% less than land-based PV power plants.

This paper presents a study considering the construction of a floating solar plant on
Lake Busko, Bosnia and Herzegovina. The considered plant is of a modular type. The
basic module, covering an area of 36,705 m2, provides an installed capacity of 3 MW PV
and 7200 m? of useful space for business development, primarily in the hospitality and
tourism activities. Eight basic modules are grouped with one central pool, and five of these
clusters form an L-shaped configuration, comprising one group. Two groups constitute an
integrated system. The integrated system comprises 80 basic modules, 80 business offering
platforms, and 10 multi-purpose pools. A kayak pool is situated between the two groups.
The complete platform can accommodate up to 3200 guests at one time and employ up
to 240 staff members. The total potential installed capacity of all 80 modules amounts to
240 MW. The integration of FPV into the 237 MW installed capacity of the Orlovac HPP
is considered. This enables the use of existing power grid infrastructure to connect FPV
to the transmission grid. It also allows for the complete absorption of FPV production
by managing the excess energy production in Lake Busko through the operation of the
Orlovac HPP.
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The novelty of this paper is the approach to the design and calculation of hydroelectric
and FPV systems, addressing a significant gap in the existing body of research. Despite
thorough investigation, the authors identified that current literature predominantly con-
centrates on the economic ramifications or on optimizing the capacity factor for energy
generation within these systems. This conspicuous absence of comprehensive solutions that
integrate both system design and necessary calculations for hydroelectric and FPV systems
underlines the pioneering nature of this work. By venturing beyond the traditional focal
points of economic considerations and capacity enhancement, this paper introduces an
innovative framework that promises to advance the field by providing a more holistic un-
derstanding of the complexities involved in the successful implementation of hydroelectric
and FPV systems.

The contribution of this paper can be highlighted as the following:

- development of a modular concept facilitating the involvement of multiple investors

in the construction of FPV systems and promotion of the integration of new energy
sources into the business opportunities of local communities, fostering sustainable
development and renewable energy initiatives;

- integration of FPV into the Orlovac HPD, establishing essential infrastructure for effec-

tively harnessing the energy generated by FPV, with the introduction of flexibility in
production scheduling for the Orlovac HPP-FPV Busko Lake system, thus enhancing
operational adaptability.

The rest of paper is structured as follows: Section 2 provides an overview of the
existing Orlovac hydroelectric power plant and its reservoir, Busko lake, identified as a
suitable site for the installation of a floating photovoltaic power plant. Section 3 details the
design of the modular photovoltaic system, elucidating each component comprehensively.
In Section 4, a thorough techno-economic analysis of the proposed photovoltaic system is
conducted. Lastly, Section 5 encapsulates the key insights derived from this study.

2. System of HPP Orlovac-Busko Lake

Busko Lake represents one of the largest artificial reservoirs in Europe. It was con-
structed in 1970 as a joint project between the Socialist Republic of Bosnia and Herzegovina
and the Socialist Republic of Croatia to serve the needs of the Orlovac Hydroelectric Power
Plant (Orlovac HPP). It is located within the municipalities of Livno and Tomislavgrad.
The lake covers an area of 55.8 km? and is situated at an elevation of 700 m (at its bottom),
with the water surface varying from 712 to 718 m depending on rainfall. During the winter,
the surface often freezes, while in the summer, it is used for activities such as swimming
and fishing. The lake is home to various fish species, including trout, carp, pike, etc. The
Orlovac HPP is located in the town of Ruda, Croatia, next to the Ruda River (Figure 2).

It is situated approximately 14.5km in a straight line from the Busko Lake hydro
reservoir. Water is transported to the power plant through a network of canals spanning
25km and tunnels stretching 12 km in length. The installed capacity of the Orlovac Hydro-
electric Power Plant is 237 MW and utilizes three Francis turbines, each with a capacity
of 79 MW. The installed flow rate is 70 m3 /s, and the usable elevation difference relative
to the reservoir is 380 m. The average annual production is 353 GWh [54]. HPP Orlovac
is connected to the power grid via a 220kV transmission line. Within the Orlovac HPP
complex, there are several components, including the Busko Lake reservoir with a capacity
of 800 million m3, the Lipa reservoir with a capacity of 1.38 million m3, and the Podgradina
reversible pump-turbine power station with an installed capacity of 10.2/4.8 MW (consist-
ing of three motor-generators), all located in Bosnia and Herzegovina. The Podgradina
pumping station (Podgradina PS) is located on a 7 km long channel that connects the accu-
mulation basin of Busko Lake and the compensation basin of Lipa. The network of channels
collects water from the catchment area of the Livanjsko field into the compensation basin
of Lipa, from where the water is led through a tunnel to the turbines of HPP Orlovac. The
Podgradina PS is equipped with three Kaplan pump /turbine units with a total power of
10.5 MW. In pumping mode, they transfer excess water from the Lipa basin to Busko Lake,
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and in turbine mode, they release water from Busko Lake into the Lipa basin, during which
they produce electricity. It is connected to the power grid via a 110kV line. The installed
flow rate of all three turbines of PS Podgradina is aligned with the installed flow rate of the

turbines within HPP Orlovac and sums up to 70m3s 1.

CS qu_gmdi.n:l

HE Orlovc i Busko lake

Figure 2. Hydroenergy System of the Orlovac HPP-Busko lake.

3. Floating Photovoltaic System Design

The essential components of an FPV system include PV modules, a floating support
structure, an anchoring system, a cabling system, inverters, a grounding system with
lightning protection, and a measurement and transformer system. The structure of an FPV
system is depicted in Figure 3.

Lightning protection
system

v

Transformer

TUnderwater cables .- W T N — Y Anchors

Central inverter

Combiner box """ Connections to

other PV panels

Figure 3. Schematic of a typical large-scale FPV system.

The plant is made from lightweight, waterproof materials resistant to UV radiation
and wind speeds of up to 210 km/h. Standard versions have a fixed tilt angle of 10°, 15°,
or 22°. Several manufacturers offer modular supports for mounting solar panels on water
surfaces [55-57]. Typically, these supports consist of panel bases and connectors.
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Montage of the plant is carried out on the shore. During this process, operations such
as securing panels to the supports, connecting strings, wiring, and installing inverters for
the strings are performed. The assembled row (which may contain one or more strings) is
then floated on the water, and the next row is attached to it. Once the assembly is complete,
the entire platform (floated on the water) is transported to its destination using boats [58].

The installed FPV will start its work with the maximum production capacity that the
power grid system can accommodate without the need for system expansion. Without
delving into the specifics of the power grid’s capabilities, data on the installed capacity
of the Orlovac HPP will be used. The considered concept is where the Busko Lake FPV
and the Orlovac HPP function as a unified electricity source. In this concept, the Orlovac
Hydroelectric Power Plant reduces or completely halts its production when the Busko Lake
FPV is generating power. The installed capacity of the Orlovac HPP, which is 237 MW, will
serve as the upper limit for the installed capacity of the FPV system (rounded up to 240 MW).
FPV system will be designed using a modular approach by providing a detailed description
of the design for one module, which can then be multiplied for all other modules. The
module size will be chosen so that the investment cost is not dependent on the number
of modules. In other words, the aim is to allow for the possibility of one investor funding
the entire FPV system or multiple investors with a certain number of modules each. This
approach enables the construction of the entire system in phases. Analyses show that the
cost per kW of installed PV capacity for systems above 2 MW is not significantly affected
by capacity. Without going into a detailed analysis, it will be assumed that the capacity of
the basic module is 3MW.

3.1. Structure of the Basic 3 MW Module

To conduct a techno-economic analysis, key components of the system will be selected
from the current market offerings. In doing so, it will opt for top-level technical performance.
For the PV solar panel, the JKM470M-7RL3-V type from the Chinese manufacturer JinKO
Solar (Shanghai, China) will be chosen [59].

The technical specifications of the selected solar panel are provided in Table 1 [59].

Table 1. Technical specifications of the JKM470M-7RL3-V solar panel.

Parameter Value
Maximum Power (Pmax) 470 W
Maximum Power Voltage (Ump) 43.28V
Maximum Power Current (Imp) 10.86 A
Open-circuit Voltage (Uoc) 52.14V
Short-circuit Current (Is) 11.68 A
Module Efficiency STC (%) 20.93%
Operating Temperature —40°Cto 80°C
Maximum System Voltage 1000V DC
Nominal Operating Cell 45°C 4+ 2°C
Temperature (NOCT)
Dimensions 2182 x 1029 x 40 mm
Mass 26.1kg
2
Output Cables ;rf)vzlg (;< rinnllm
(—): 145mm
Price 155 €

For the inverters in the string, the SMA Sunny Tripower 20000TL (Niestetal, Germany)
is selected. The technical characteristics of the selected inverter are provided in Table 2 [60].
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Table 2. Technical specifications of the SMA Sunny Tripower 20000TL-3 Phases PV inverter.

Parameter Value
Maximum efficiency 98.4%
DC input voltage up to 1000V
Power 20kW
Ump voltage range/rated input voltage 320V to 800V/600V
Max. input current 33A/33A
input A/input B
Module Efficiency STC (%) 20.93%
Operating Temperature [—40°C, 80°C]
Maximum System Voltage 1000V DC
Nominal Operating Cell 45°C +2°C
Temperature (NOCT)
Dimensions (W/H/D) 661/682/264 mm
Mass 6lkg
Operating temperature range —25°C to 60°C
Degree of protection P65
Price 2845 €

The number of solar panels in a string is calculated using the following expression
(rounded down to the nearest whole number):

Nep — UmaxMPP + UminMPP | _ 12, )

where Upax Mpp is the maximum DC voltage at the input of the inverter (800 V) for which
the inverter provides maximum power transfer (MPP point), Umin Mpp is the minimum DC
voltage at the input of the inverter (320 V) for which the inverter provides maximum power
transfer (MPP point), and Ump is the operating voltage of the solar panel at the maximum
power point tracking MPPT point (43.28 V).

The number of strings connected in parallel to one inverter is calculated as follows:

Py

Ns L Nsp Pmax J =4 @)
where Piny is the maximum power of the selected inverter, Ngp is the number of solar
panels in a string, and Ppmay is the maximum power of a solar panel.

With this configuration, it is ensured that one inverter is connected to 48 panels,
specifically two pairs of two parallel-connected strings, each with 12 panels. The maximum
voltage at the inverter input under no load (Iout = 0 A) is 625.68 V, the nominal operating
voltage at the inverter input is 519.36 V, and the operating current at the inverter input
is two times 21.72 A (21.72 A for each input A and B on the inverter). The maximum DC
power of the PV array (4 strings of 12 panels each) is 22,560 W. For the selected inverter
with a maximum AC power of 20 kW, this results in a DC to AC ratio of 1.128. The required
surface area depends on the tilt angle at which the solar panels are installed (Figure 4).

The spacing between rows where the solar panels are set at an angle to avoid shading
is calculated according to [61]:

D = W(cosa + sina tan ), 3)

where W is the width of the solar panel, « is the tilt angle, i.e., angle of the solar panel
relative to the horizon, B = wat + 23.5°, where ¢ is the geographic latitude of the location.
In our case W = 1.029 m and &t = 43.65°. The optimal tilt angle of the solar panel towards
the horizon for the selected location is 33°. However, due to the effect of the wind, floating
systems are installed at a lower tilt angle (x = 22°) compared to ground-based systems.
Using these data, it is obtained that D = 1.884m.



Energies 2024, 17, 2760

9 of 21

v,

Figure 4. Spacing between rows (D) to avoid shading.

One field can be configured as a rectangle (number of rows #, times the number of
panels np, i.e., nr X np): 2 x 24,4 x 12, and 8 x 6. With these configurations, the use of
available space is optimized and the lengths of DC cables are minimized. The total area for
one field (the area covered by one inverter) is calculated as follows:

Ap = a-b=[(D+01) n]b=
= [np-(L+01)+1], @)

where L = 2.182m is the length of the solar panel and D = 1.884 m is the spacing between
rows. Due to the vibration of the structure on the water, 10cm as the spacing between
panels in a row is added and 10 cm as the minimum spacing between rows. Length of 1 m
is also added for the channel for AC cables and inverter placement. The occupied area of
one field with a 4 x 12 configuration is 244.7 m? (Figure 5).

27384 m

< >

DC, 519V

anels anels
6p

AC, 230 V, 50 Hz

w 9e68

Figure 5. Field with one inverter in a 4 x 12 configuration.

The required number of fields, or the number of inverters, is determined based on the
total power requirement (3 MW) and the power of one field (20 kW) as follows:

P
Ne = 5 )

The required area for a 3 MW PV plant is determined as follows:
A= Np-Ap = 36,705 m?. (6)

The hexagonal platform design is chosen with the idea of multifunctional use of the
floating platform, which in addition to generating electrical energy from the PV plant, will
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offer other amenities. Therefore, for the total area of the hexagonal platform, the previously
obtained A extended for edges, combined with AT, where AT is the area intended for
commercial and recreational activities, will be considered. The choice of AT will be adjusted
in this phase to the geometry of the platform and the format of the PV field defined by
one inverter for easy installation of the plant. Now, determining the side length of the
platform (R) boils down to solving the task: determine the minimum R that provides
the required area for the PV plant (A) and the length of the side that equals a whole
number of half the length of one inverter PV field (4 x 12). This half is included because a
6 x 8 configuration is also planned. The solution to this task yields R = 137 m. Now, the
total area of the platform is 48,162.48 m.

The length of DC cable required for wiring one field (one inverter, 48 panels) is
calculated as follows:

Lpc = NsNgp(L 4 0.4) + Ng7 = 144 m, (7)

where Ng = 4 is the number of strings, Nsp = 12 is the number of solar panels in a string,
L = 2.182m is the length of a panel, 7 = 5m is the average distance between DC terminals
of the inverter from the (+, —) ends of individual strings. To the length L required to
connect two panels, 0.4 m is added for thermal and mechanical cable stress. To have 7 at a
minimum, it is necessary to connect the strings in a field according to the example shown
in Figure 6.

Figure 6. Connecting modules within one field in a 4 x 12 configuration.

Several configurations, based on six solar modules in a string that will provide good
space filling, are possible. This way, the length of DC cables is minimized [62].
The total length of DC cables for a 3 MW module is as follows:

Lbcu = NpLpc = 21,600 m. (8)

The type of DC cable is chosen based on the voltage and current characteristics on the
DC side [63]. For the purposes of this work, TUV 1 x 4 mm? cable is selected.
The characteristics of the DC cable are given in Table 3 [64].

Table 3. Technical specifications of TUV 1 x 4 mm?2 DC cable [64].

Parameter Value
Cross section 4mm?
Rate voltage 1000V
Rated current 30A (4mm?)
Protect degree P67
Operating Temperature —40°Cto90°C
Contact resistance <5mQO
of plug connectors
Conductor resistance QO km ™! 5.09

Price 0.22€/m
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Transformers 230 V/6kV, 3 MVA are installed as close to the plant as possible to
reduce losses. The maximum usable output power of the inverter is 20 kVA, which gives
a maximum current per phase of 28.98 A for a voltage of 230 V. Based on this current
increased by 2, AC cables are chosen. Cable H07BN4-F is selected, the characteristics of
which are given in Table 4 [65].

Table 4. Technical specifications of AC cable HO7BN4-F 5x4 mm? [65].

Parameter Value

Cross section 4mm?

Rate voltage 750V

Rated current 50 A (4 mm?)
Protect degree 1P67
Operating Temperature —40°Cto90°C
Conductor resistance Qkm ™! 4.95
Price 5.02€/m

This is a flexible multi-core cable with a nominal current of 50A.
The total length of AC cables is calculated using the formula:

Lac = NpS, )

where Np is the number of inverters (the number of fields), and S is the average distance
from an individual inverter to the transformer station.

The transformer can be positioned within the circle that describes the hexagonal
platform, ensuring a distance of at least 2m from the platform to provide flexibility for
platform movement due to water fluctuation. Additionally, there should be some flexibility
in the cable connection between the platform and the substation to accommodate longer
cable lengths and allow for movement.

The average cable length can be calculated using the formula:

S=dy+%+7, (10)

where dj is the distance from the edge of the platform to the substation platform (assuming
5m), x is the average cable distance along the conductor and 7 is the average cable distance
along the axis normal to the conductor (as shown in Figure 7).

YA

= ZR =

Figure 7. Calculating the average length of the AC cable.

If there is a large number of inverters that are evenly distributed over the area of inter-
est, then without making a significant error, the problem is considered in the continuous
domain. Now, the average distance between evenly spaced points along the x-axis within a
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length of 2R is given as an integral (sum) of all lengths over 2R divided by the total length
of 2R. This yields:

X 1 Rd R
x_ﬁ/oxx—. (11)

Similarly, the distances along the y-axis depend on x (y = f(x)), and the average
distances along the x-axis with respect to y are integrated. Finally, it is divided by the total
number of points or the area of interest. This results in the following;:

1o flx)dx
2 fozR f(x)dx

By incorporating f(x) (the boundary of the platform) for the upper and lower surfaces,
it yields:

y= (12)

7 = 0.375R, 74 = 0.302R,
Su=do+ T+ u=dy+1375R = 193.37m,
Sq=do+xX+17q =dp+1.302R = 183.37m,

Lacy = NpySu = 89Sy = 17,209.93 m,

LACd = diSd = 615u = 11, 185.57 m,

Lac = Lacu + Lacq = 28,395.5 m.

(13)

The selected inverters on the AC side provide an alternating voltage of 230V, 50 Hz
synchronized with the grid to which they are connected. Since this is a high-power plant
(3MW), the connection to the grid will be made through a 230 V/6 kV transformer with a
capacity of 3 MVA (Figure 8).

! .
5]1)9CV | ﬂ 2 PV panels 150
| l I
Inverters
AC
230V, 50 Hz AC bus
6 kV,3 MVA

Figure 8. Single-line diagram of the basic 3 MW module.

Further connections can be made from 6 kV/35kV to the distribution network or
6kV/110kV to the transmission network, but these aspects will not be discussed here.

3.2. System Geometry

The considered PV system is of a modular type. Each module is hexagonal, as shown
in Figure 9.

The base of the module measures 137 m. The module’s surface area is 48,162.48 m2, of
which 36,705 m? are dedicated to the PV installation, 7200 m? are allocated for recreational
and tourist hospitality services, 4237 m? for protective zones and pathways. The recreational
space is formed by interconnected links, covered with waterproof veneers where tables,
lounge chairs, umbrellas, seating, sports facilities, bleachers, and similar amenities can
be placed.
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R PAXA

Figure 9. Structure of the base module.

Eight basic modules are connected to form a cluster. Six of these modules create a ring
with a pool (lake water) at its center, covering an area of 48,162 m?. The total area of the
cluster, including the pool, amounts to 433,485 m?. This complex can accommodate up to
320 guests, gathering around various activities such as concerts, bleachers, competitions,
yoga, discos, and more.

The economic segment (E) is rectangular, measuring 60 x 120 m. Within the 60 x 80 mr
area inside the economic segment, most sports courts can be established, including tennis,
small football, volleyball, handball, basketball, and others. With the appropriate netting
to prevent balls from leaving the playing area, this space offers a potentially cost-effective
and suitable venue for various sports. Since the surface is not completely fixed and will
vibrate by the water movement, it introduces an element of uncertainty into ball movement,
making the outcomes more unpredictable and therefore more engaging for participants.

There are numerous business opportunities associated with this concept. With a
quality business initiative and the support of the local community, everyone can find
interest in such a project. Generating green energy, reducing CO, emissions, providing
space for business ideas, increasing employment, encouraging population growth, offering
cultural and sports activities, and spending time outdoors are some of the key points that
can help promote such projects within the local community.

Figure 10 shows the structure of one cluster with the corresponding dimensions.

< 1096 m

WLz

A\

Figure 10. Structure of one cluster.

Figure 11 displays the structure of the complete system with the corresponding
dimensions.
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Figure 11. Geometry of the entire facility.

The entire system, including the water surface of the water channel situated between
two L-shaped complexes, covers an area of 6234 km?, which represents less than 12% of the
total lake area.

Figure 12 illustrates the system’s position on the lake with its connection to the power
grid (EES).

Figure 12. Integration of the entire facility into the Orlovac HPP.

4. Techno-Economic Analysis of the Designed System

Aggregate parameters for the base module of 3 MW are presented in Table 5.

The investment cost is determined as the sum of all construction expenses, includ-
ing design, permitting, assembly, materials, supervision, and insurance [4,5,10]. Table 6
provides the relative relationship between individual items for installations > 2 MW of
this kind.

In the previous calculation, the cost of equipment is obtained, which includes panels,
inverters, and cables. Using the relative ratios for other costs according to Table 6, it is
possible to plan the remaining costs according to Table 7.
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Table 5. Summary parameters for the base module of 3 MW model.

Parameter Quantity Price (€) Total (€)
Number of 150 2845 426,750
inverters
Number of 7200 155 1,116,000
panels
Pmax 3MW
Area of PV 36,705 m?
Area of E 7200 m?
Total area 48,162 m?
Length 137 m
Mass
(inverters 197,070 kg
& panels)
DC cable 21,600 m 0.22 4752
(1 x 4mm?)
AC cable 28,395.5 m 5.02 142,545 41
(4 x 4mm?)

Table 6. Relative cost breakdown of FPV plant construction [66].

Parameter Value
Modules 35-40%
Inverters 8-12%

Wiring 10-12%
Anchoring and mooring 2%

Floating platform 28-35%
BoS (Balance of System) 4%
Assembly 2%

Table 7. Planned investment costs.

Parameter Value (€) Percentage (%)
Modules 1,116,000 36.0
Inverters 426,750 13.8

Wiring 350,000 11.3
Anchoring and mooring 65,000 21
Floating platform 950,000 30.7
BoS (Balance of System) 125,000 4.0
Assembly 65,000 2.1

Total 3,097,750 100.0

In the wiring item, in addition to the cost of DC and AC cables, costs for connectors,
surge arresters, grounding, lightning protection, and overcurrent protection are included.
As a measure of the relative efficiency of a PV plant, the Levelized Cost of Electricity
(LCoE) is used, which represents the levelized unit cost of producing one kilowatt-hour of
electrical energy. LCoE can be calculated from Life Cycle Cost (LCC) and Life Cycle Energy

Production (LCEP)
LCC
LCoE = T =5/ (14)
with
r N
LCC = I+) G+) Co (15)
i=1 i=1
N
LCEP = ) EP, (16)

1
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where [ is the investment value, r is the loan repayment period, N is the operational period
of the PV system, C; is the annual interest amount, Cy is the annual maintenance cost, EP; is
the annual production. According to the report generated by Solargis, with such technical
characteristics, the PV system can produce 94,637,385.58 MWh of electrical energy over a
25-year operational period. Considering the available equipment prices (panels, inverters,
cables) and adhering to the proportional relationships of other investment costs, the total
investment value is 3,097,750 €. With 20% equity capital, a repayment period of 12 years,
and an interest rate of 3.2%, the credit costs (interest) amount to 1,138,335 €, and the main-
tenance costs are 1,176,750 €. The maintenance costs include annual expenses of 30,000 €
(cleaning, visual inspection, etc.) and additional costs for replacing all 150 inverters once
during the operational period. The LCoE now amounts to 0.05719 €/kWh.

An analysis of the operation of the hybrid system HPP Orlovac and the designed
FPV Busko Lake has been carried out. HPP Orlovac is used within HPP for daily, weekly,
and seasonal power balancing. It is also used for tertiary regulation. According to the
production plan or at the operator’s request for the activation of tertiary reserves, HPP
Orlovac activates the necessary power, which ranges within the available scope from
0MW to 237 MW. HPP Orlovac is connected to the Croatian power system via a 220kV
transmission line. It is assumed that the capacity of this line is dimensioned according to the
maximum production of HPP Orlovac, so it amounts to 237 MW. The maximum power that
the hybrid HPP+FPV system can deliver to the power system is 237 MW. The minimum and
maximum accumulation levels of Busko Lake are 712 m and 718 m. With an accumulation
area of 55.8 kmz, the theoretical usable accumulation is 334.8 x 10 m3. In reality, the usable
accumulation is somewhat lower due to water evaporation and underground leakage.

The number of working hours of HPP at maximum power is as follows:

W
NHppp = 5 E:)’ — 1489h, (17)

where Wypp is the annual generated electrical energy, and P,ypp is the rated power of
the HPP.
The number of working hours of FPV at maximum power is as follows:

NHppy = Werv _ 1347h, (18)
Prppy
where Wrppy is the annual generated electrical energy, and P;ppy is the rated power of
the FPV.

The average flow rate of the turbines at HPP Orlovac is 11.89 m3s~!. The level of the
hydro accumulation of Busko Lake will vary depending on the production of the hybrid
system and the inflow. If production at HPP stops completely in a certain period and
the natural inflow is equal to the annual average, then the daily rise in the lake level is
18 cm. This allows for a maximum accumulation of 33 days at average inflow when HPP
production is halted. Similarly, the number of days the total accumulation can be depleted
at maximum production for 12 h outside the FPV production period is 110 days.

A special advantage of the hybrid system is the ability to plan production with a
high degree of reliability. Figure 13 shows the production planning situation for three
characteristic cases: a sunny day, a cloudy day, and a partly cloudy day. For a sunny day, the
possibility of predicting production from FPV is feasible with a high degree of match. On a
cloudy day, the dominant component of solar radiation is the diffuse component, whose
contribution does not exceed 20% of the maximum [67]. In this case, for the prediction of
FPV, 20 % of the amount for a sunny day can be taken, and the difference that appears can
be compensated from HPP. This ensures excellent predictability. On a partly cloudy day, the
prediction for FPV can be taken the same as on a sunny day, and the difference that appears
is compensated by HPP. Such an approach is needed to ensure quality hourly production
forecasting because the weather forecast for this case cannot determine the hourly periods
of sunshine and cloudiness with sufficient reliability. The diagrams in Figure 13 show the
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planned production of FPV+HPP, realized production of FPV, required production of HPP,
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Figure 13. Three typical days (a) sunny day, (b) cloudy day, (c) partly cloudy day, with values of
planned production (PP) of FPV+HPP, realized production of FPV (FPV), required production of HPP
(HPP), available tertiary reserve (TR).

In Table 8, the aggregate data comparison of FPV and HPP in separate operations
versus the hybrid operation of HPP+FPV is shown. Compared to standalone HPP, the
hybrid system:

- increases production by 91%,

- keeps the maximum production the same, conditioned by the available capacity of the
transmission line,

- increases the number of full load working hours (237 MW) to 2852, or by 91.5%,

- achieves excellent predictability compared to standalone FPV, which has poor predictability,

- sees the daily period of available tertiary reserve decrease by 12 h, corresponding to
the period when FPV production is expected.

Although this may seem like a drawback, in reality, during the operation period of
FPV in the power system in which the presence of PV is significant, the need for tertiary
reserve is small. Typically, this can lead to an excess of electrical energy.

Table 8. Comparison of hybrid HPP+FPV system and standalone HPP and FPV.

Standalone Standalone

Parameter FPV HPP Hybrid HPP & FPV
Average annual generation (GWh) 323 353 676 (+91.5%)
Maximal Power (MW) 240 237 237 (0%)
Annual working hour at maximal power 1345 1489 2852 (+91.53%)
Possibility of production planning low great great
Daily period of available tertiary reserve 0-0 0—-24 0—6 and 18—24 (—50%)

5. Conclusions

In this paper, a meticulous design of a 240 MW hybrid and modular Floating Photo-
voltaic (FPV) system on Busko Lake was undertaken. This innovative system integrates
solar energy production with tourist and recreational facilities, presenting a sustainable
approach to energy development. The modular design, with a fundamental module of
3 MW, fosters participation from multiple investors and ensures scalability and adaptability.
The analysis indicates a competitive production cost of electricity per kilowatt-hour (LCoE)
at 0.05719 €/kWh, affirming the economic viability of the FPV system. With a footprint
below 12% of the lake’s surface, minimal disruption to the ecosystem is ensured. Integration
with the Orlovac HPP optimizes resource utilization and enhances the available number of
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hours of the integrated system in a maximum power regime. This synergy enables efficient
energy management, enhancing overall system reliability. The research introduces a modu-
lar concept, fostering diversified investment and broader involvement in renewable energy
projects. Integration with existing infrastructure enhances energy production capacity and
resource optimization. Flexible production planning ensures efficient operation, adapting
to demand fluctuations. Integration of renewable energy sources stimulates local economic
growth and promotes sustainable development. In conclusion, this study underscores
the potential of FPV systems to revolutionize the energy landscape, offering a sustainable,
economically viable, and socially inclusive solution for meeting regional energy needs.
Through innovative integration and prudent resource management, a brighter sustainable
future powered by renewable energy is envisioned.
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Abbreviations

The following abbreviations are used in this manuscript:

FPV floating photovoltaic

PV photovoltaic
HPP hydroelectric power plant
PS pumping station

IRENA International Renewable Energy Agency
PHESS Pumped Hydroelectric Energy Storage Systems

uv ultra-violet

MPPT  maximum power point tracking
DC direct current

AC alternating current

BoS balance of system

LCoE levelized cost of electricity
LLC life cycle cost
LCEP life cycle energy production
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