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Abstract: The world’s demand for electricity will double by 2050. Despite its high potential as an eco-
friendly technology for generating electricity, solar energy only covers a small percentage of the global
demand. One of the challenges is associated with the sustainable use of land resources. Floating PV
(FPV) plants on water bodies such as a dam, reservoir, canal, etc. are being increasingly developed
worldwide as an alternative choice. In this background, the purpose of this research is to provide an
outline of the hybrid floating solar system, which can be used to generate renewable energy. The
hybrid technologies discussed include: FPV + hydro systems, FPV + pumped hydro, FPV + wave
energy converter, FPV + solar tree, FPV + tracking, FPV + conventional power, FPV + hydrogen.
The review also summarizes the key benefits and constraints of floating solar PV (FPV) in hybrid
operation. Among the various hybrid FPV technologies, with solar input and hydro energy were
among the most promising methods that could be potentially used for efficient power generation. The
valuable concepts presented in this work provide a better understanding and may ignite sustainable
hybrid floating installations for socio-economic growth with less environmental impact.

Keywords: hybrid; solar; floating PV; design; operational context

1. Introduction

The demands for energy, land for agricultural purposes, and shelter have increased
tremendously with the ever-growing population. With the depletion of non-renewable
resources like coal and oil, it is imminent that we switch over to renewable sources of
energy. Most regions across the globe are blessed with at least one commercially viable
source of renewable energy (wind, solar, hydro, geothermal), and others have several such
renewable sources. Solar energy is widely regarded as the most abundant and infinite
source of energy on the planet [1]. Large-scale photovoltaic energy deployment necessitates
the use of a substantial amount of land resources [2]. The overall impact of conventional
PV implementations is of higher magnitude due to various project-related activities like
deforestation, bird mortality, erosion, runoff, and microclimate change [3]. The average
land use for a ground-based PV power plant is 0.5-0.7 MWp/ha [4]. However, with the
limited availability of land and the associated cost, solar plants are hard to deploy, especially
in densely populated countries [5]. Solar plants are often built on agricultural lands and
wastelands which is not a truly sustainable use of land resources. PV panels have a negative
temperature coefficient, which means that the sunlight to energy conversion performance
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of the panels improves as the temperature drops [6]. Floating solar PV (FPV) is a novel
application in which solar arrays are mounted over water bodies to take advantage of the
negative thermal coefficient of the solar module [7]. Because of the numerous advantages
of FPV, water may become a new prime focus for solar siting [8].

FPV and airport-based installations provide new avenues for increasing solar gen-
erating capacity, particularly in land-locked countries and competing land uses [9]. It
may become a more economical solution than buying costly land for PV deployment.
Floatovoltaics have been installed in several countries which include the United States,
Japan, China, Korea, India, Brazil, Singapore, Norway, and the United Kingdom. Floating
solar could be especially useful in areas where grids are poor, such as sub-Saharan Africa
and parts of developing Asia [10]. One of the most significant challenges, however, is
that solar PV projects require cooling as panel heat reduces electrical performance [11].
The floating photovoltaic (FPV) utilizes the principle of exploiting large water surfaces for
energy generation and managing the plant with water as a cooling medium [12].

Waterbodies that are not used for recreation or tourism, such as wastewater treatment
plants, fish ponds, hydroelectric reservoirs, industrial ponds, and lagoons, are ideal for FPV
application [13]. In Japan, the most floating PVs have been installed over water reservoirs,
with power generation ranging from 4 kW to 20 MW [6]. Several large-scale projects are
also increasingly developed in the last few years.

Independent variables such as air temperature (Ta), solar irradiance (Gt), wind speeds
(Vw), and water temperature (Tw) affect the FPV system’s energy yield [14]. For this
reason, a floating platform made from high-density polyethylene (HDPE) can be used. The
evaporation can be reduced by as much as 70%, thereby saving water as well [1]. Also,
the power gain is increased by about 6% due to the backwater cooling of the PV [14]. The
measured temperature difference between the lake and land is about 1-3 °C.

Installing solar panels on water costs about 15% more than installing them on land [15].
The reduction of floating construction costs and the rising growth in developing countries
suggest that the FPV sector will experience rapid deployment [16]. Various insights about
the commercial design of FPV were also presented in the literature [17]. The higher costs of
floating solar are offset by the natural water-cooling effect, which can make the module
more effective partially and extend their lifetimes [18]. The energy gain from the cooling
of FPV systems was estimated to be between 3% and 6% when compared to reference PV
systems tested in two different climate zones [19]. The favorable regions for the installation
of FPV are the locations with abundant water bodies such as canals, lakes, reservoirs, dams,
and ponds, and suitable climate [20,21]. However, sea salt accumulation on PV systems
decreases power production and performance [22].

The application of a floating solar system in aquaculture is discussed as a potential
solution to address the issue of food-water-energy nexus [23]. Several design solutions of
FPV systems to increase efficiency and cost-effectiveness are described [24]. A technically
feasible and economically viable photovoltaic floating cover system is proposed as an
alternative solution for the agricultural industry with a solution to fully cover the reservoir
to reduce evaporation losses [25]. A novel system for producing electricity with FPV
modules and heating water with solar energy for water ponds in the mining industry has
been investigated [26]. FPV technology is significantly more effective than land-based
technology as it offers several co-benefits [27]. The module temperature of FPV is normally
lower than 5-10 °C differences compared to other environment resulting in 10% increase
in efficiency [28]. An innovative concept for varying the azimuth angle of the FPV with a
fixed tilt resulted in a 27.68% increase in power production over a standard floating PV
system [29].

A method to investigate the tracking-type FPV had been discussed which includes
suitable area assessment, water depth, shade, solar distribution, and flow modeling [30].

The installation of solar panels on the ocean surface is inspired by the constrained
onshore available land and the offshore area surrounding the island nations [31].
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The techno-economic aspects of photovoltaic (PV) systems in offshore environments
were studied [32]. The effect of wave motion and direction on offshore PV output is
demonstrated theoretically [33]. The societal, environmental and sustainable aspects of
solar systems must be carefully evaluated before large-scale adoption [34].

Scientists have proposed the energy potential of combining floating solar facilities
with existing hydropower infrastructure, assessing that these hybrid plants can be operated
flexibly. Considering the recent developments in hybrid technology, there is a need to
understand the technical and beneficial aspects of the HFPV plants.

In this context, this study aims to analyze the various options of hybridizing the
floating photovoltaic (HFPV) systems. The different design options of the HFPV system
and the resulting features based on the current state-of-the-art are the focus of this review.
The paper further evaluates the benefits and constraints of HFPV technology.

The outline of the study is highlighted in Figure 1. The paper is organized as follows:
Section 2 focuses on solar PV in the water environment. Section 3 summarizes the concept
of hybridization, key drivers, and components of the HFPV plant. Section 4 focuses on
the different designs of the HFPV system. Section 5 summarizes the potential, recent
developments, and industrial players in HFPV. Section 6 summarizes the positive implica-
tions, constraints, and special considerations of the HFPV power plants. Finally, Section 7
provides a conclusion and future outlook of the study.

—[S.Recent development and industrial players ]

Figure 1. Outline of the HFPV review.

2. Solar PV in Water Environment
The classification of Solar PV in waterbodies is presented is shown in Figure 2.
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Solar PV in Water

Figure 2. Classification of PV in water environment.

2.1. Floating PV (FPV)

Floating photovoltaics is a typical solar technology that involves mounting solar
panels over natural or man-made bodies of water rather than placement on terrestrial sys-
tems [35,36]. FPV systems are classified into three major groups based on their supporting
structures: (1) Fixed Tilt arrays: rigid pontoons are required; (2) Tracking: it can be installed
with or without pontoon; and (3) Flexible arrays: Due to the low weight, no supporting
structure in the form of the pontoon is needed; FPV can also be classified based on the scale
of implementation: small scale (few kW), medium scale (kW to MW) and large scale (MW
to GW) [37]. Based on the different supporting structure designs of FPV systems, it can be
classified as fixed floating PV systems [38], floating-tracking PV systems [39], and cooled
FPV systems [40]. Floating-tracking PV systems have greater net capital costs than fixed
floating PV systems, but they generate more electricity [41].

2.2. Underwater/Submerged/Semi-Submerged

PV modules in deep and shallow water are proposed as a solution for cleaning panels,
reducing reflection losses and efficiency improvement by elimination of thermal drift [42].
This system can be used to power underwater devices, as well as swimming pools and
decorative pools and fountains [42]. The submerged photovoltaic solution is effective in
low latitude locations (i.e., lower than 30 °C where tilt angle is less than 20 °C) where
both ambient temperature and irradiance levels are quite high throughout the year [43].
Semi-submerged solutions with both flexible and rigid structures were designed and tested
on a small-scale solution with thin-film panels [44,45].

2.3. Offshore/Marine Environment

Half of the Earth’s population lives in proximity to a coast, and three-quarters of the
world’s large cities are situated by the sea. Offshore PV power generation is the concept
of applying the FPV system in oceans and seas to harvest solar energy [46]. FPV designs
in offshore conditions are different from the standard lakes owing to the harsh waves
caused by the strong winds [47]. Offshore PV is an ideal solution for load centers’ because
it eliminates the need for long-distance power transmission from other areas [48,49]. This
can provide a short path from production to consumption. Due to higher relative humidity
and wind speeds, the temperature at sea was much lower at the floating installation [33].
The design and material selection of the offshore system is evaluated based on wind-driven
wave heights. Saltwater corrosion, the need for a suitable anchoring system, and wave
heights are the major technical challenges with the offshore PV system.

3. Hybrid Floating Photovoltaic System
3.1. Overview of Hybridization
A “hybrid energy” system is intended to harness energy from multiple sources in-

cluding both renewable and conventional power plants at the same time and location.
context, a hybrid renewable energy system (HRES) is linked in the same system to improve
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system performance and energy supply balance. Hybridization of floating solar with other
variable renewables increases the energy density of the device to a degree that is higher
than that of other renewable power systems, and in some cases can even compete with
fossil fuels.

The main advantages of hybrid system:

e  Grid connectivity (via transmission lines, transformers, and so on) makes the system
more reliable.
Additional source enhances the reliability and productivity of the existing system;
When used in tandem as a hybrid, water resources, and solar energy can compensate
for each other [50].

3.2. Key Drivers of Hybrid FPV

The several factors which drive the development of the Hybrid FPV are compiled in
Table 1.

Table 1. Some key drivers of hybrid floating solar plants.

Nsue1:1ililer Description of the Drivers

1 Adequate sunshine on water surface than on land.

2 Water covers two-thirds of the Earth’s surface.

3 Other energy sources like Hydropower supplies about 20% of the world’s electricity

4 Increasing cost and non-availability of land for commercial deployment

5 High land footprint and potential environmental impact with a land-based PV
system

6 Low-capacity utilization of Hydropower plants and less efficiency of land-based
solar PV plants

7 Specific challenges of Island nations to meet energy demand

8 The variability of energy production caused by the intermittent nature of solar

9 Problems with electrical transmission grid’s stability with one source.

10 Water-energy nexus

3.3. Classification of Hybrid FPV
Figure 3 illustrates the classification of the Hybrid FPV.

3.4. Technological Components of FPV and Hybrid Floating Solar Plants (HFPV) System

A floating device, mooring system, PV modules, DC/AC cables, and connectors
make up the FPV system [51]. Modular design, reliability, durability, protection, optimum
support structure size, easy installation, and cost reduction are seven factors that may
indicate whether or not an FPV system is optimally constructed [52]:

(a) Floating structure (pontoon): The PV system is installed on a floating body (floater
and structure) in the case of an FPV system [3]. It provides the necessary buoyant force
to keep the whole system floating [53]. Floaters are commonly made of high-density
polyethylene (HDPE) or medium density polyethylene (MDPE) [54].

(b) Mooring System: The floating structure is held securely with a permanent structure.
This halts the free movement of the floating structure in water. The mooring system
uses anchors and cables to keep the floating system stable [55]. It can also respond
to water level variations while retaining its southward location preventing modules
from drifting away or shifting position [56]. A mooring system consists of a mooring
string, anchor, and connections and is used to hold a floating platform stationed in
any depth of water [57]. An anchor on the seafloor is connected to a floating structure
by a mooring line [58].
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(c) PV system: Floating photovoltaic (FPV) systems, which are made up of single or
multiple crystalline-based photovoltaic (PV) modules [59] mounted on a buoyant
platform, are typically intended to be arranged in an array on the surface of a closed
body of water. In an FPV system, solar energy is converted into electrical energy using
PV modules and other power conditioning equipment [60]. Standard PV modules
used in land-based PV systems can be used, but research is being conducted to
develop specific flexible PV modules for floating applications [61]. There has been
increasing interest in the development of thin film-based solar cells.

(d) Cables and connectors: The electricity generated by the PV system is typically trans-
ferred to the substation through underground cables. These cables could be extended
underwater or via the floaters, but they could also be used as floating cables [62].
This forms an important link between the grid and the solar panel. Due to its usage
underwater cables should be shack proof or leakage proof [63]. The inverters are
mounted on the shore side, much like a traditional ground-based system.

(e) Basin: A basin that contains water from the first with a second floating system that
serves to bring the same volume of water consumed by the hydroelectric turbines
daily through solar pumps, this allows an annual use of the same volume of water
without losses.

(f)  Other Energy sources: The energy sources like wind, ocean thermal energy conversion
(OTEC), hydro, pumped hydro, hydrogen, etc. are considered for the HFPV system.

- Hydropower plant

- Hybridisation

FPV and floating-
tracking

. Ground mounted and
. Integration _L by

Off grid/ongrid

Figure 3. Classification of HFPV (Modified from [50]).

4. An Overview of Various Designs of Hybrid FPV Technologies
4.1. Floating PV + Wind

Solar and wind are well known and fast-growing technologies across the world.
However, the concept of hybrid wind and floating solar farms remains largely unexplored
(Figure 4). In this renewable offshore energy farm, the combined wind farm and FPV
would increase the power generation per unit surface area of marine space. Unlike wind
energy, solar energy production is expected to be consistent across the study region [64]. As
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a result, deep-water power plants are not be expected to increase solar energy output—a
benefit of offshore PV farms over offshore wind farms. Due to the wide space between
turbines in an offshore wind park and the current or planned cable capacity to connect
the wind park to the grid on land, integrating floating PV into such a wind park may be a
viable option [65].

Figure 4. Schematic of combined floating wind and solar energy farm [64].

4.2. Floating PV + Hydro + Wind

Hybrid projects combining floating solar panels and hydropower plants have the
technological capacity to produce a large portion of the world’s annual electricity. HFPV is
a suitable solution for a country that has a lot of hydropower plants with dams. Developers
can use existing power facilities, such as transmission lines if the floating solar farm
is built near hydropower plants. An innovative technology using floating solar with
battery storage and hydropower was proposed for coastal regions [66]. The intermittent
floating solar resource is integrated with a battery energy storage system to meet peak
demands [66]. Colocation with hydropower plants will help to boost the generation of such
assets and smooth out the generation curve. The addition of a floating solar system close
to a reservoir’s dam compensates for the unstable generation of these systems by adjusting
hydropower production, while PV systems can compensate for the hydro energy shortfall
in the medium to long term [67]. HFPV is flexible and complementary technology. In this
case wind turbines are located in spaces surrounding the reservoirs and connected to the
common electrical transmission lines [68]. The addition of a wind turbine can compensate
for the unstable energy generation from both hydro and FPV. A schematic of a hybrid
floating PV-hydro and wind system is shown in Figure 5.

Suitable sites: The number of hydropower installations is noticeably lower in typical
dry areas (Sahara, Northern Mexico, Central America, the Persian Gulf, Australia, and
so on), but they are still present. This is due to the fact that hydropower is a significant,
regional resource [69]. Asia has a distinct advantage as it has the world’s highest concen-
tration of high-power dual-energy solar/hydro sites. Among the locations are rivers in
Japan, Vietnam, Indonesia, and Malaysia, tidal flows in China and Korea, canals in Japan,
and aqueducts in Japan and China.

Dry seasons: Solar systems have the highest efficiency during the dry seasons, while
rainy seasons have the highest hydropower potential. Therefore, both technologies can
complement one another. Dry seasons tend to be a less serious problem. The rafts can rest
on the dry banks and may provide strength to the system until the water level is regained.
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Given the amount of open surface area that reservoirs have, this is the positive way to
get the most out of something that could have cost a lot in terms of displaced homes and
real estate.

Internal Interconnection Cabl
Floating Solar PV System 2 i

Hybrid System Substation

Transmission System

Hydropower Dam

Figure 5. Schematic of a hybrid floating PV-hydropower system [68] (reprinted with permission
from Elsevier).

4.3. Floating Solar PV with Pumped Hydro Energy Storage (FPV + PHES)

Pumped hydropower energy storage (PHES) was developed in the 20th century with
the majority of these projects being undertaken between the 1960s and 1980s. A PHES
system requires two reservoirs of varying heights, with the lower reservoir connected to a
water source. PHES operations are extremely flexible due to their high flexibility, this is, of
course, feasible [69]. The pumped hydro system allows for the use of solar power to pump
water from the reservoir and reuse it to generate fresh hydroelectric power during times of
lower demand [69]. The dams could continue to provide power in this manner but at a
reduced condition. In this case, the reservoir’s stored water will function as an efficient
energy storage system. The operators of a hybrid system could also store the excess energy
generated by solar panels using pumped-storage hydropower. A photograph of a FPV
with a pumped hydro system is presented in Figure 6.

The FPV system, the PHS sub-system with upper and lower reservoirs, the AC and DC
bus with appropriate power electronics converters, and the load demand, are connected
to the AC bus [70]. The power produced by the FPV panels is directly transmitted to the
micro-grid during times of high solar irradiation, while the reservoir either accumulates
(when an inflow stream exists) or simply retains water that can be used later during times
of low or absent solar irradiation [71]. The reservoir becomes a battery in this way, with
the “bill” being the water that is saved from being used or accumulated when direct solar
energy is used. This energy storage can be deployed with a very high capacity because
dams and water reserves have no space constraints. Higher coverage ratios may be con-
sidered, depending on the reservoir’s position and additional uses, to provide even more
power (and electricity) while also increasing water conservation rates [72]. Simultaneously,
batteries and other alternative energy storage technologies hold a significant role, and the
“PHES” usefulness is restricted by the reservoir’s capacity. Furthermore, supply does not
always match the population center (demand). The use of irrigation facilities to store excess
PV energy for a farmhouse has also been investigated [71].
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Figure 6. FPV with a pumped hydro “virtual battery” concept. (Copyright EDP S.A., photo by Pixbee).

4.4. Floating + Micro-Hydrokinetic Turbines

Solar panels on the float’s topside capture the sun’s energy, while micro-hydrokinetic
turbines on the bottom capture hydropower from the flowing water (Figure 7). Low-lying
solar panels that float in rivers, canals, tidal flows, and aqueducts can be used. The energy
generation is unit unaffected by clouds, rain, or even nightfall [73]. This one-of-a-kind
combination also increases the power output of both the solar and hydro components.
The floating platform also serves as a solid, stable, and cost-effective foundation for the
hydrokinetic turbine array’s operation and maintenance. Finally, the units are quiet and
have a low visual impact, as they leave no trace on the ground or in the water. Although the
technology was proposed for canal-top projects, the design can be modified and adapted
to the floating solar concept environment [73].

ATTNZIN TN NN N L TN DN TN TN/ DN

NN N TN
o ) -

Figure 7. Floating + micro hydrokinetic concept. (Source: Bourne Energy, USA) [73].

4.5. FPV + Wind Energy System and Battery Storage

The basic concept of the systems is direct alternating current (DC) from the FPV
arrays and/or wind turbines after being converted by an inverter is transmitted to the
load bus through the cables bus (Figure 8). The system controller continuously regulates
the load and the output from the PV and/or wind systems [74]. The electricity that can
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instantly fulfill the portion of the demand is transmitted through a transformer and fed to
the distribution grid to meet the load. If at any point in time there is a shortage of electricity
supply to satisfy the demand that is not covered by the PV arrays and/or wind turbines,
then energy is imported through a connection to the main grid. On the other hand, if at any
point these systems supply any electricity that exceeds the load, this electricity is deemed
to be excess electricity that is sold to the main grid. The combined renewable energy is
supplemented by electricity imports.

'S N 7 N e T
o Controller [ Inverter
Arrays — T
S S J Distri-
o /—*—\ bution
o Center
System Rectifier p—e’
e -| Controller | { 5 AC o
: Charge = N - I
i e " DC Bus Bus
i Controller }-| Battery Trans-
: \ J" R — Bus =
; Vs Units former
E ) N P,
| Wind Rectifier —I
i| Turbines | —‘
EL _______________________________________________ o RN, S W e

7 Data Transfer

et

—— Electric Current
Figure 8. Schematic of FPV + wind energy system and battery storage system [74].

4.6. FPV with Compressed Air Storage

Because of their high efficiency, low environmental impact, and high energy density,
compressed air energy storage systems (CAES) are one of the most feasible technological
options for integration [75]. The management of the thermodynamic equilibrium is the
main issue in CAES. The decision between isothermal compression, which allows for a
large amount of heat exchange, and adiabatic compression, which requires efficient heat
storage and recovery, is important. Isothermal compression allows a vast amount of energy
to be stored [75]. The bulk of the accumulated energy, on the other hand, is transferred
to the heat reservoir, ensuring that the process remains isothermal. The same holds good
for the expansion process, which takes longer during the night or on cloudy days when
more energy is needed. Care must be taken with the compressor and pneumatic motor,
and a good heat exchanger is needed to minimize the irreversible process as much as
possible [24]. The whole concept is explained in the block diagram given in Figure 9.

The flow of electric energy is highlighted by black lines, the air flow by green arrows,
and the water flow by blue lines. The working principle of the FPV with CAES are explained
in the following steps [75]:

e  The FPV system produces electric energy through PV modules and then supplies to
the grid or to the water pump through inverter;

e  The water pump compress water, up to 20 MPa in a suitable storage tank where the
pressurized water is used to increase the pressure of the air in pipes;

e  The compressed air, stored in the floating pipes can be used to power a hydro-turbine
to recover the stored energy whenever necessary [24].
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Floating
_— Electricity PV array

- Air

------ > Water [ DC/AC Inverter ]

1
Floating | Water Water Pump
AirTube | Tank |77 10~20MPa
7 2

:. _____ Air Compressorl
0.1~10MPa J

Power

Controller Grid/local Load]

Figure 9. Block diagram of a floating PV system with compressed energy storage [75].

4.7. Hybrid Floating Solar + Wind + Ocean Energy System

Hybrid floating solar and wave energy systems are possible solutions to supply clean
and sustainable energy for Island nations [76]. Optimizing the use of various marine
resources can reduce deployment, maintenance, and decommissioning costs by combining
devices in an integrated framework or co-locating distinct technologies in a farm layout.

Sinn Power invented the concept of a full ocean hybrid platform able to convert wave,
solar, and wind energy (Figure 10). As part of an off-grid energy solution, photovoltaic
arrays on a floating platform have been developed. The system is designed to be modular
with ease of connection and expansion. With this flexible design, several combinations are
possible. The modular design is a key component that allows for flexibility and a wide
range of applications. The floating platform has the potential to provide renewable energy
to islands all over the world, as well as contribute to the global deployment of offshore
wind farms. Wind generators are also adopted in the design as wide-open spaces provide
good wind velocity.

Figure 10. (a) Wave energy conversation (WEC) with floating solar (b) (WEC) with floating solar and wind (Source:

Sinn Power).
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The specific features of the design are:

Heavy Duty-No Foundation
Maximum robustness
Scalability

Little maintenance

4.8. Floating Solar + Waterlily (Solar Tree) Tracking

The authors provided an interesting nature-inspired idea of tracking floating systems
in Italy [50]. This low-cost solution consists of a floating platform connected to the mooring
chain with an underwater concrete anchor [77]. A tracking algorithm for the sun movement
drives the submerged propellers which ensure the rotation. A presentation provided the
innovative solution of a solar tree-based water lily design for the hydroelectric power plant
which is presented in Figure 11 [77].

Figure 11. Nature-inspired Solar tree (waterlily design) with bifacial modules. (Source: TNC Consulting AG, Switzer-

land) [77].

4.9. Floating Solar Integration with Conventional Plant

The feasibility of an FPV system in conjunction with a Diesel generator (DG) and
battery bank to meet the off-grid demand of an island is studied as shown in Figure 12 [78].
The feasibility of floating PV integrated with the conventional gas-fired system was ana-
lyzed [79]. Coal, gas, and fuelwood are currently the main fuels used in the district heating
systems of Sarajevo canton. The new concept of reducing the consumption of fossil fuels in
households’ heating systems with the use of renewable electricity from the floating solar
plant is proposed [79]. The cost-optimal solution for district heating using conventional
and PV systems for heating electrification is suggested to promote efficient cogeneration
systems [79]. A floating LNG plant (FLNG) is an ocean-based LNG plant built on a ship or
barge with a natural gas-powered gas turbine, LNG storage, and offloading capabilities. A
combined cycle is used to optimize plant performance, in which gas turbine exhaust gas is
used to produce steam, which is then used to control the steam turbine, which develops
electrical power. The floating solar plant can be integrated into the FLNG to meet the
auxiliary electrical power requirements at the site. This concept of the hybrid floating
power plant is feasible with floating solar and transport of natural gas (LNG carrier) to
the ocean. The combination of wind, wave, and solar energy, as well as the combined
cycle LNG-fueled power plant, will significantly increase output and production capacity.
The FPV integration with fossil fuel plants greatly reduced the generating costs across the
system [31].
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= ' Inverter

Floating
PV

|

MPPT
Controller
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Figure 12. Schematic of a FPV/Diesel hybrid system [78].

4.10. Floating Solar Island with Hydrogen Energy Storage

Floating solar energy islands generate electricity via solar, wind, and waves, in ad-
dition to having an OTEC plant. A conceptual floating solar island is shown in Figure 13.
These floating platforms are to be designed for rough conditions like strong currents and
heavy winds. The system combines various technologies like a floating solar, wind farm,
and battery storage. The system will also generate green hydrogen via an electrolyzer that
can be used as a further storage technique [80]. The offshore green hydrogen production
using combined wind and floating solar has great development potential. The ships can
be refueled with hydrogen at these infrastructures. The solar island at sea can offer the
shipping industry with a sustainable alternative.

Figure 13. Offshore floating solar, wind, and green hydrogen (Source ©: Acciona).

4.11. Floating Solar Methanol Island

An energy island consists of a multipurpose floating platform including several sus-
tainable energy generation options [81]. A concept of “solar methanol island” based on
offshore floating PV is proposed for H, production and CO, extraction from the seawater.
The catalytic reaction produces synthetic MeOH fuel [82]. The operating conditions for
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large-scale solar methanol islands are determined by engineering analyses and optimiza-
tions. The operating conditions for large-scale solar methanol islands are determined by
engineering analyses and optimizations. The islands provide power to a centralized site,
which includes desalination and electrolysis cells for Hy processing, electrochemical cells
for CO; extraction, and catalytic reactors and associated equipment for methanol produc-
tion and separation, all of which are placed on a rigid boat [81]. Other island components
include batteries for short-term electrical energy storage, a methanol storage tank, and
miscellaneous equipment and furnishings.

4.12. Hybrid Floatovoltaic-Aquaculture System

Aquaculture is the most promising economic sector as it contributes to the global
food supply industry. To realize the concept of aquavoltaics, the FPV model is integrated
with aquaculture [23]. Integrated offshore floating platforms provide additional business
opportunities as it enhances the production of aquatic species. The energy generated from
the FPV system can be used to meet the off-grid aquaculture potential. Aquavoltaics’ pur-
pose is to make efficient use of water by using it for both energy and food generation [23].
However, several concerns of such a system including, biofouling, FPV interaction with
aquatic ecosystems, political and regulatory issues are not well understood by the scien-
tific community.

4.13. Floating Photo-Thermal (FPT) + Seawater Desalination

Island communities suffer in terms of potable water supply as the underlying water is
salty. The seawater desalination process requires a lot of energy which may be difficult to
meet in offshore site conditions. For solar energy applications, the solar-seawater nexus
is crucial. Photothermal devices are solar concentrators/receivers which can be used for
desalination by the production of low-temperature water vapor followed by condensation
of vapor from the seawater [83]. Given, a large amount of footprint associated with the
use of PV and PT for water desalination, a combination of FPV and FPT solutions is an
attractive option to drive the seawater desalination process [84]. Costs of technology,
design constraints, implementation needs, and optimization of the design will determine
the future development in this important domain [84].

5. Hybrid FPV: Potential, Recent Developments, and Performance Aspects
5.1. Potential

Mankind has built thousands of dams and water reservoirs to provide drinking water
to towns and cities, flood control to avert disasters, locks and dams to navigate rivers
and streams to transport goods and services. Hydropower has held a key role in the
global power system since the advent of centralized power distribution systems. Since the
late 1800s, the earliest (but still operational) hydropower plants have been in operation.
Hydropower is the largest energy source that helps with flood control, water management,
entertainment, and grid stability.

In hydropower plants, the evaporation of water from reservoirs is a major loss since
the water vapor cannot be used to produce energy by the turbine. Hydropower has
a significant environmental impact, that destroys natural habitat, in the upstream and
downstream part of the reservoir [68].

Hydropower plants, which generate electricity by harnessing the force of falling water,
are almost operating in every part of the world. The total installed capacity of Hydropower
in various countries is shown in Figure 14. Hydropower installed capacity reached 1308
gigatonnes (GW) in 2019, with generation reaching a new peak of 4306 terawatt-hours
(TWh). Among them, 328 GW are run-of-the-river plants (e.g., hydropower plants without
storage reservoirs) and 138.7 GW of hydro pumped storage capacity [69]. Hydropower
plants are already a significant component of the global energy mix which accounts for
53% of all operational renewable energy sources worldwide, with wind power accounting
for 24%, and solar about 18%.
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Figure 14. Total installed hydropower capacity (Source: International Hydropower Associa-
tion, 2020).

According to a World Bank study, the global potential for floating solar power plants
on man-made reservoirs is at least 400 GW. National Renewable Energy Laboratory (NREL)
estimates that 379,068 freshwater reservoirs around the globe have the capacity to install
floating panels on the existing hydropower facilities. In the case of large hydropower plants
with dams, their electricity generation capacity can be matched by covering between 1-30%
of the reservoir with floating solar panels. Even if coverage is limited to 10%, the increase
in energy generation is substantial, and in some cases, it may be significantly higher than
the hydropower production itself. This value is higher in equatorial zones with higher
solar energy yield and lowers in high latitudes. As a consequence of significant hydro
potential, the prospects of combining FPV and HPP plants are very much huge.

5.2. Recent Developments in Selected Countries

The majority of current commercial projects on hydropower reservoirs are co-located
options. Only a few small projects with hybrid operations are currently in operation.
However, many larger-scale projects are being explored or proposed around the world.
Table 2 summarizes few hybrid FPV plant which is under operations/construction.

5.3. Industrial Players

Several technology developers are capitalizing on the momentum behind the floating
solar plant by integrating other offshore energy systems into the mix to meet a sizable
portion of the world’s current electricity requirements [85]. Several developers around the
world are also attempting to capitalize on the popularity of floating solar with hydropower
plants. Table 3 provides a summary of the major players in the hybrid floating PV system
power concepts. If development teams could perhaps efficiently design cost-effective
hybrid concepts, HFPV could be a driving force for future installation than standard
floating solar PV.
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Table 2. Status of hybrid FPV plant worldwide (not exhaustive).

Project Name/Country Floating Capacity Developer/Owner Investment/Revenue Status
Sirindhom, Thailand 45 MW EGAT, 2020 THB 842 million Under construction
200 KW Ocean Sun, GCL-SI and
Magat, Philippines (360 MW hydro) SN Aboitiz Power 0.4 million dollars Pilot testing
Y (SNAP), 2019
220 KWp Ciel & Terre . .
Alto Rabagao, Portugal (68 MW hydiro) International, 2017 Not available (N/A) Operational
. . 1 MWp Ciel & Terre .
Bahia, Brazil (175 MW hydro) International, 2019 N/A Operational
Banja, Albania 2 MWp Ocean Sun, Statkraf 2.61 million dollars Under construction
ja, (73 MW hydro) ’ :
Kutani Dam, Japan 4.99 MWp ] apanese pubh'c 5.4 million dollars Operational
enterprise agencies
Nizhne-Bureyskaya, Hevel Group and .
Russia 12Mw RusHydro, 2019 N/A Operational
Table 3. Selected Industrial players in Hybrid FPV.
S.No. Industry Technology Product Capacity Remarks
Industry group Ocean Energy Europe
Floating Power Plant of Denmark, Floating wind turbine
! Marine Power Systems of the UK. and  platform N/A Conceptual stage
Pelagic Power of Norway
Integrated wind, wave, flow, 10 MW Offshore
2 U.S.-based Excipio Energy and ocean thermal energy wind + 19MW other  Yet to be tested.
conversion technologies alternative energy
Sinn Power Floating solar with offshore Modular approach
3 ) 5 MW
Germany wind energy converter for underwater use
4 Cantabria Sea of Innovation Cantabria E}?:;g;g Plér;nil:zltiln N/A R & D project on a
Cluster (SICC) & Acciona 8 yarog pilot scale
generation
5 Equinor, Moss Maritime and Saipem Flgatlng offshore.solar farm + 24 MW Cor.nmeraal modular
Oil and gas or wind farm design
6 Madrid based ACCIONA Floating solar, wind, and N/A R& D project on a

offshore green hydrogen

pilot scale

5.4. Performance Indicators of Hybrid FPV

There is a great debate among the scientific community concerning the use of an
appropriate scientific approach to evaluate the performance of the systems. Figure 15 shows
the important indicators which may be considered for measuring the HFPV performance.
The sustainability indicator (SI) is developed as a tool to compare the electricity sector
status of a region and country [85]. The performance of the projects can be analyzed based
on NPV, LCOE, CF, and EY [86].

The NPV is the total present value of the project, which includes all projected expenses
and returns through year one. Internal rate of return (IRR) provides the rate of return
from the NPV cashflows obtained from the investments. Energy yield (EY) is defined
as energy delivered by the FPV systems in terms of the peak power of the module. The
LCOE of a renewable energy project is calculated by dividing the project’s total cost by the
amount of electricity generated. The LCOE is a parameter that allows for the comparison
of alternative technologies at various operational scales, investment levels, and operating
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periods [87]. LCOE can be used to compare different alternatives of HFPV. A good indicator
of the cost-effectiveness of a particular generation and storage mix. The CF is an important
performance evaluation parameter that displays the ratio of actual energy generated (E) by a
system to the maximum energy the system can generate at any given time. Greenhouse gas
(GHG) mitigation potential is used as an indicator to evaluate the CO, emissions reduction
with the proposed technology compared to the conventional energy generation. In terms
of social benefits, solar systems are expected to increase the standard of living and create
job opportunities for locals [88,89]. It is worth noting that the aforementioned indicators
do not account for the influence of combined parameters in arriving at a common value.

Technical indicators * Performance ratio,specific energy
production ,Net energy gain, Capacity
utilisation factor, Auxilary power
consumption, Water evaporation

*LCOE,NPV,IRR,Payback, Lifecycle cost

Environmental indicators * GHG mitigation,carbon credits

Social indicators *Social acceptance, Job benefit ,Living
standards
Sustainability indicators * Sustainability index

Figure 15. Performance indicators of Hybrid FPV system.

6. Positive Implications, Constraints, and Special Consideration of Hybrid FPV

In addition to generation, a hybrid FPV may provide the following advantages,
especially when combined with existing hydropower.

6.1. Positive Implications of Hybrid Floating PV

e It promotes land-use efficiency. Since the floating PV energy systems are mounted on
water, the land can be used for other useful purposes [86]. It does not necessitate any
land construction or conversion of forest or farmland for solar power facilities [90]. It
protects the land’s original uses, such as forests, agriculture, livestock, and nature [91].
Utility-scale solar PV frequently necessitates large parcels of land; however, land-
constrained developing countries may have to prioritize land use for agricultural,
forestry, or other purposes [92]. By co-locating solar PV systems on artificial water
bodies such as reservoirs, FPV may offer alternatives to scaling up renewables and
reducing competing land-use pressures [65] A close-to-zero strategy for locating



Energies 2021, 14, 2751

18 of 25

new PV plants without invading natural greenery while also protecting dams from
insulation [37].

Forest and farmland conservation: The main benefit of hybrid FPVs is that they do not
require any agricultural or green space. They address the energy-water -land nexus
issue. Land use is kept to a minimum. PV modules are installed on the existing water
infrastructure (dam, ocean etc), which reduces the amount of land required [93].
Increased energy efficiency. Due to its cooling effect and reduced water evaporation
from hydropower generation, energy efficiency is improved by 10-15% when com-
pared to land-based solar systems [86]. Water cooling beneath the panels improves
system performance [66].

Increased utilization rates of transmission lines / grid access: In general, hydro plants
are easily accessible and already connected to the grid, so installing hybrid FPV
requires fewer tasks and a power grid [94]. A hybrid system, for example, would
save financial resources on transmission by connecting to a common substation [95].
Hydropower sites make use of existing electricity transmission facilities, and they're
close to demand centers (in the case of water supply reservoirs. The hydropower
plant’s existing road access likely reduces construction and transportation costs.
Provides high-energy yield. The increased energy generation is due to the water’s
natural cooling effect, which reduces temperature rises in the solar modules [96]. In
comparison to a conventional installation on a flat surface, PV panels mounted on an
inclined surface, minimizes the distance between two panels and thereby rising solar
energy generation [97]. The surface of the water offers areas that are free of shading
objects. as well as increased sunlight reflection, which improves PV generation. Due
to the cooling action of water and the lack of dust, the energy yield also increases [98].
Increased capacity utilization. The capacity factor of a hydroelectric power plant is the
ratio of the total produced energy to the maximum energy that could be provided. If
the hydro plant worked at its maximum installed power capacity all of the time, and
floating modules would dramatically increase the installed capacity of a hydroelectric
power plant by 50% to 100%. In existing dams, hybrid hydropower-connected F-PV
plants (operation of FPV and hydropower together) could offset the loss of electrical
production due to variations in water levels [99].

Saves water resources. Because the floating PV system blocks the sunlight and covers
the water surface, it reduces by more than 80% of the evaporation of water in the
reservoir [10,68] The hybrid operation of the dams with FPV will enable appropriate
and cost-effective management of power and water usage, as well as water savings
due to less evaporation from the reservoir [100].

Uses an eco-friendly system. Natural fish farms may continue to thrive on the platform.
They create breeding sites for fish, increase aquatic plants, and reduce algae and
microorganism levels.

Lower capital expenditure (CAPEX): Because of the existing grid infrastructure, hydro-
FPV-Hybrid has a lower CAPEX, but it is subject to specific site characteristics. When
co-located with hydropower, the power system benefits and capital costs are reduced
due to lower interconnection costs.

Decreased CO; emissions. The hybrid floating solar farms has a higher potential to
reduce the amount of carbon emissions than standard FPV. The HFPV system reduces
CO; emissions per kWh produced, which is especially beneficial in tropical regions.
Modernization of existing infrastructure. There exists an opportunity to modernize
and improve the old infrastructure for the safety, reliability, and performance of
the plant [93]. Furthermore, by using the same grid connection, hybrid F-PV and
hydropower plants could reduce grid integration costs.

Operational Flexibility and Dispatchable generation. Plants have the flexibility to
operate on-demand with adjustable power output [101]. This is advantageous in
countries with a weaker grid as the share of power is extracted from the variable,
non-dispatchable solar energy [92,93]. Solar power can be used to boost the energy
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yield of such facilities while also assisting in the management of low water availability
by enabling the hydropower plant to run in “peaking” rather than “baseload” mode,
with mutual benefits: Hydropower can smooth out variable solar performance by
working in a “load-following” mode [102].

Increased water quality. It improves water quality and allows to regenerate contami-
nated or non-productive water bodies [103]. Phytoplankton growth and water loss
are reduced by the shading offered by PV panels on the water. resulting in increased
hydro energy generation and water quality [67].

Dam protection. PV panels protect the dam surface from direct solar radiation, which
can weaken the dam’s stability, by reducing thermal excursion and increasing dam
stability [72].

Storage opportunity: Gravity energy storage is naturally indicated by the presence
of water, particularly in conjunction with hydroelectric basins [69]. PV energy can be
used to power pumps in pumped-storage hydropower plants [71]. In one scenario,
hybrid system operators could use pumped storage hydropower to store excess
solar generation.

Increased market potential. This form of combined hybrid FPV plant potential and
business opportunities are expected to advance in the future particularly in parts of
Asia [104].

Reducing seasonal variations: Combining floating PV with hydropower has the
potential to provide additional benefits [105]. Furthermore, the two technologies
can complement one another. During the dry seasons, solar power has the greatest
potential., whereas hydropower has the greatest potential during rainy seasons. It
can facilitate black-start capabilities for hydro [92]. This is valid not only during the
diurnal period (when solar energy is used during the day and hydropower is used at
night), but also during the seasons.

The method of generating power using solar panels kept on water bodies differs from
that used on conventional solar farms, where panels are arranged in a rectangular
pattern. They have some advantages over land-based systems.

6.2. Constraints and R & D Challenges of Hybrid Floating Technology

Cost of the technology: Hybrid floating solar installations necessitate specialized
equipment which may increase the cost than traditional land-based installations. The
costs of floating solar panels are high due to the stringent module requirements, but
the costs are expected to fall as technology develops [106].

Significant water level variation: Water level variations in hydro dams in hot tropical
regions (by up to 10 feet) pose a significant technical risk.

Complex mooring system: The requirement of a complex mooring system for HFPV
is a significant limitation. It is unable to withstand heavy high winds, warranting
a huge proportion of mooring points to keep it intact [35]. The occurrence of flash
floods necessitates careful mooring/anchoring to avoid panel destruction [107].
Detrimental effects of wind, wave, current, and snow: Microcracks in the solar cells are
possible as a result of the constant bobbing movement beneath. Wind, wave, current,
and snow have negative effects on the stability and long-term performance of HFPV
systems [40].

Limitation of coverage: The system suffers from the limitation of the water surface
that can be covered. Normally 1-10% is covered to reduce environmental impact
and Installation restriction on the littoral zone where aquatic life is abundant [108].
The space requirements for leisure and recreational activities pose the challenge of
coverage.

Seasonal variations of weather: The key disadvantage of hydropower-based hybrid
FPV is that they are restricted to particular geographical areas. Most hydro plants are
used as peaking plants which are highly influenced by monsoon seasons [109]. During
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some periods of the year, certain reservoirs may be dry or otherwise unsuitable for
accommodating hybrid floating PV.

e Joint implementation: The full potential and advantages of joint implementation of
the hybrid system are not fully realized by the industry including the operations,
scheduling, and optimization.

e Limited experience and knowledge: The current knowledge gap on hybrid FPV
systems will inhibit data-driven decision-making. Limited experience with hybrid
floating solar/hydropower systems. More specialized installation knowledge is re-
quired as this is a unique innovation.

e Larger installations, across different geographies, and over time are needed to validate
the extent of these benefits associated, and they can exceed any rise in capital cost in
many cases.

e  Because of the social and environmental implications of hydropower development,
it’s fair to conclude that further application of FPV on dam surfaces would necessitate
extensive discussion and review to enforce compliance with societal values [39].

e  Lack of guidelines and policies: Inconsistent and very hostile policies for installations
are the major drawback of the HFPV system.

Further R&D must be focused on lower-cost design, the choice of the floating structure,
efficient mooring system, optimal sizing, material capable of selective emissivity, the
thermal and fluid dynamic of the HFPV design to take advantage of these lower ambient
and water temperatures.

6.3. Special Considerations

The following specific factors might be taken into considerations while going to
hybridization of FPV plants:

Willingness of the FPV owner/developers to add a hybrid installation;
Development of the right framework and contractual agreement between various
parties.

e Concessional agreement between the FPV plant owner/operator and a third party to
construct, operate, and maintain an HFPV facility.

e  Management of risks and liabilities associated with hybrid power plant and extreme
weather that can influence plant performance;

e Rules of dispatch coordination of power from two individual sources (For instance:
Floating solar and the hydropower plants’ outputs).
Creating insurance plans to cover future power plant loss risks.
10T based Intelligent monitoring to facilitate the operation, maintenance, and man-
agement of the HFPV system.

7. Conclusions and Future Perspective

This paper investigated various hybrid floating PV technologies that could be inte-
grated with the existing FPV. Nevertheless, the development of basic concepts of hybrid
FPV systems is carried out here which is still at an early stage. These technologies include
FPV + hydro, FPV + pumped hydro, FPV + Wave energy converter, FPV + hydrokinetic
+ water lily tree, and FPV + conventional plant. This paper also presented the significant
drivers, potential, and benefits of the hybrid FPV technology. The following are the key
inference from the study:

e  Hybrid FPV systems represent an alternate solution to increase the technological and
economic competitiveness of FPV installations which may have a more positive impact
than floating PV systems. Overall, a hybrid solar-floating system will be an alternative
efficient method of power generation as compared to the standard floating system for
power generation.

e Hybrid FPV has massive growth potential along with the upcoming technologies,
such as offshore wind, tidal, wave, and aquavoltatics, integrating wind, wave, tidal,
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or thermal energy systems into floating solar plants is anticipated to increase their
prospects by offering efficient dual-mode power plants.

e  Hybrid floating photovoltaic designs especially in hydro dams, have a tremendous
implementation potential in island nations to meet their energy demand.

e The world is endowed with huge potential for HFPV. Hybrid FPV is a most sustainable
technological solution that promises to address the water-energy nexus and provide a
low-carbon pathway of energy generation. If the global potential of the HFPV is fully
utilized, it may bring the world closer to decarbonization.

e  The increased importance of hybridization of FPV for clean energy generation needs
to be stressed among policymakers and various stakeholders.

e  More pilot studies and innovative approaches are needed in the future for the less
established technologies like hybrid FPV to achieve scale, cost reduction, energy yield,
and high return on Investment. This will help to evaluate the various floating hybrid
options’ advantages and disadvantages, as well as their future implementation.

e  The various insights presented on hybrid options, benefits, constraints, and special
requirements of the Hybrid FPV plant will support the future R & D and pilot-scale
deployment of HFPV plants worldwide.
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