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Abstract

:

The world is transitioning towards a net zero emissions future and solar energy is at the forefront of the transition. The land use requirements to install solar farms present a barrier for the industry as population density increases and land prices rise. Floating photovoltaics (FPV) addresses this issue by installing solar photovoltaics (PV) on bodies of water. Globally, installed FPV is increasing and becoming a viable option for many countries. A 1% coverage of global reservoirs with FPV would have a potential capacity of 404GWp benign power production. There are numerous advantages to FPV compared to ground mounted PV (GPV), which are discussed in this review. The major gap in research is the impact FPV has on water quality and living organisms in the bodies of water. This review paper examines the most recent research around FPV, analyzing the benefits, downfalls, and future. The review provides more insight into FPV in terms of varying water bodies that can be used, system efficiency, global potential, and potential for coupling FPV with other technologies.
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1. Introduction


As the world population continues to grow, the energy demand is also increasing, causing an increase in use of fossil fuels, which emit greenhouse gases [1]. As climate change continues to worsen, the world is looking at ways to reduce greenhouse gas emissions [2,3]. The world is facing a climate crisis. The International Energy Agency (IEA) reported that in order for the world to reach the goal of net zero emissions by 2050 there will have to be an annual average solar energy generation growth of 24% [4]. In 2020, solar generation increased 23%, resulting in the IEA categorising solar photovoltaics (PV) as ’more effort needed’ [4].



Solar PV is expected to be a leading technology to power the world in the future [5]. The price of PV has reduced drastically, reaching a price similar to that of conventional energy sources [6,7]. The IEA stated that PV has become the lowest-cost electricity source in history [4]. While installed PV is set to continue growing, the large scale ground-mounted photovoltaic (GPV) farms are running into issues of finding land to install on [8]. A 1MW PV farm needs approximately 15,000 m2 of land [9]. With large land requirements and rising land prices it is becoming increasingly difficult to purchase land for a PV farm [10]. Other challenges faced by PV installations are cooling of the panels and keeping them free of dust in order to increase energy efficiency [11]. A solution to this challenge is placing PV on bodies of water such as ponds, lakes, reservoirs, oceans, canals, lagoons, waste water treatment plants, or irrigation ponds [12]. The placing of PV panels on top of bodies of water is called floating photovoltaics (FPV) or floatovoltaics. Countries that are facing challenges with land availability for PV farms are looking towards the potential of FPV [13].



The aim of this review paper is to analyze the status of FPV, along with the benefits and drawbacks of the new technology, with a section looking at submerged photovoltaics (SPV). This report is unique as it observes the current status of FPV and the knowledge gaps that require investigation and a solution. There is a focus on the challenges that GPV faces and how FPV addresses some of these challenges. FPV is a relatively new technology with the first plant installed in 2007 in Japan [14]. Table 1 shows an overview of the major milestones within the FPV industry. The graph in Figure 1 shows the installed FPV capacity from 2007 to 2018, and it is clear that FPV is growing rapidly.



Globally, installed FPV capacity is seen to be doubling each year and is predicted to continue doubling [15]. Figure 2 shows a global breakdown of installed FPV as of 2020, the majority being located in China. The cost of FPV is higher than GPV currently with a project break-even cost 4–8% higher [16]. There is massive global growth in this sector but minimal knowledge about the possible negative impacts of FPV, making this an essential and timely review.




2. Methods


In order to complete the aims of this review paper, an in-depth analysis of FPV academic papers and industry reports was completed. Google scholar, Mendeley, and the University of Exeter library were used to find relevant papers. All cited papers have been peer reviewed and published; this is important to ensure correct information is being used. To find relevant papers, the following keywords were used: FPV, PV cooling effect, FPV hybrid with hydroelectric power plants (HPP), floatovoltaics, SPV, and marine PV. Papers from 2018 and later were considered as only the most recent research was of interest. In certain instances, older papers were looked at in order to understand the early stages of FPV. Each paper was organised in an Excel table containing its title and key information. They were organised into categories to be compared and synthesised. A flowchart of the review process is seen in Figure 3.




3. Technology Overview


A general FPV system consists of PV panels and system installed atop a floating structure that is anchored to the ground as seen in Figure 4.



3.1. Floating Structure


A pontoon structure is used to keep the system floating in the water [12]. The pontoons are formed by attaching floats together in order to hold the weight of the structure on top of the water [12,18]. The majority of floats used in the industry are made out of high-density polyethylene (HDPE) due to it being UV resistant, corrosion resistant, maintenance free, recyclable and having good tensile strength [12]. Another material used for floats, though less common, is glass fibre reinforced plastic [12]. These systems generally have a set panel inclination that is not easily adjusted once installed [18]. A benefit of the floating structures is that they are easy to decommission compared to a GPV system [19]. Other floating structure options include galvanized steel platforms and one or two axis tracking platforms [18].




3.2. PV Module


The commonly used module type for FPV installations is crystalline silicon [12]. Crystalline modules work well in fresh water environments, but as the sector looks toward marine environments, modules will need to be designed to withstand the salty environment. Therefore, standard metal frames will need to be replaced with an alternative material [12]. There is potential to also use second generation CdTe [20,21,22], a-Si, or CIGS [23], but there has been limited investigation with these technologies. Third-generation PV is not considered yet for FPV due to the lack of maturity [24,25,26,27].




3.3. Mooring


The mooring system of an FPV installation is required to hold the system in place, avoiding overturning or floating away [12]. The system can be moored with anchors on the ground of the body of water, or alternatively, directly to shore [18]. Nylon ropes are often used as the mooring lines and allow movement of the system for changes in water depth and blowing wind [28].




3.4. Cables


Underwater cables can be used to transport the generated electricity to an onshore substation [18]. It is also common to keep the cables above the water [12].




3.5. Installation


The installation process for FPV is often easier than that for GPV, as long as the anchoring and mooring system is not complicated [14]. The installation does not require heavy equipment and the system is usually assembled on land and then transferred onto the body of water where it can be towed to the site [14,29]. Lightsource, a company in the United Kingdom, used a ramp to roll FPV into the water [30]. The installation can be seen in Figure 5.




3.6. Location


In order to choose a suitable FPV location, there is a list of criteria that must be taken into consideration. Table 2 breaks down the key criteria that must be analysed before selecting a location to install FPV.





4. Results and Discussion


4.1. Cooling Effect


PV modules are negatively affected by high temperatures as high temperatures decrease the performance, energy output, efficiency, and life span of the modules [11]. The most critical factor affecting a PV module’s efficiency is module temperature [31]. An increased surface temperature of a module results in sunlight being converted into heat rather than output power [31]. There has been extensive research into cooling methods for PV modules in order to increase the efficiency when exposed to hot temperatures [32]. When PV modules are placed on bodies of water, they experience a cooling effect that increases their efficiency compared to a GPV system [33]. A paper comparing the cooling effects on FPV in the Netherlands (temperate maritime climate) versus Singapore (tropical climate) found that Singapore had a 6% increase in annual energy yield while the Netherlands had a 3% increase [34]. Another paper investigating the performance of FPV in the tropics found an up to 10% increase in annual energy yield due to the cooling effect [13]. A study in Visakhapatnam, India, found a 1.5–3% increase in energy production for FPV compared to GPV [35]. Another study in India found a 2.5–3% increase between FPV and GPV [36]. Brazillian reservoirs were analysed in a study and found to have a 12.5% increase in efficiency for FPV because of the cooling effect [37]. The World Bank also found increased efficiency varying between 5% and 10% for different climatic regions [14]. The cooling effect due to the cool air flowing under the PV modules is a key advantage of installing an FPV system over a GPV system.




4.2. Humidity


Another effect of installation on water is an increase in humidity for the modules [38]. FPV modules experience higher humidity compared to GPV modules [38]. An increase in humidity around a module can affect the atmosphere and cause the module temperature to increase, thereby decreasing the performance of the module [38].




4.3. Water Evaporation


Studies have shown that FPV is capable of significantly decreasing water evaporation [19,39]. This can be important for coupling FPV with HPP, which will be discussed in Section 4.7. It is also increasingly important for countries that are dealing with water shortages [40,41]. Water-scarce regions in central and southern Asia were concluded to benefit greatly when FPV was installed [41,42]. A study found that a 1MW FPV system in Visakhapatnam, India, would reduce water evaporation and save 42-million litres of water [35]. A study looked at the water evaporation reduction, economic feasibility, energy generation, and environmental impact of installing FPV on five main reservoirs lakes in Iran [43]. By covering 10% of the five main reservoir lakes with FPV, enough water would be saved from evaporation to meet the domestic water demands of a city with 1-million inhabitants. The study states that FPV would be beneficial for Iran as it is facing an energy and water crisis [43]. The reduction of water evaporation is a benefit of FPV.




4.4. Impact on Water Quality


FPV is a growing sector that only began to boom recently. As a result, there is minimal research on the impact of FPV on water quality. The impact on water quality is noted to be the greatest threat of FPV. A study conducted by Exley et al. reported that FPV operators stated there was no impact on water quality, but only 15% are monitoring and analysing the water quality while the majority are using only visual inspection [44]. The paper goes on to explain that nine ecosystem services could be affected by the installation of FPV [44]. A study using two adjacent agricultural ponds, one covered with FPV and one open as a control, found that there were no negative effects on water quality associated with the FPV [39]. The study found improved concentrations of cholorophyll and nitrate, as well as a 60% decrease in water evaporation [39]. Multiple papers concluded that a positive impact FPV has on water quality is the reduction of algae growth [19,45]. The percentage of FPV cover on a body of water will determine the system’s impact on algae growth. A study investigating the impact of FPV on water quality found that FPV covering a small amount of a reservoir was not enough to reduce algae blooms [46]. A main concern reported in research around FPV impact on water quality is that there has not been enough studies and modeling to conclude that there will not be negative effects. Table 3 shows a summary of the potential opportunities and threats of FPV on water quality.




4.5. Land Use


Countries with a high population density are facing the issue of finding land that can be used for solar PV farms [47]. FPV addresses this issue as it can be placed on surfaces of bodies of water that would otherwise go unused [45]. FPV systems can be installed on ponds, lakes, reservoirs, oceans, canals, lagoons, waste water treatment plants, or irrigation ponds. FPV can also be beneficial for small island communities that lack ample land space [48]. The cost of installing FPV is often lower than GPV because land does not have to be purchased or approved [41]. A techno-economic case study in Islamabad found that a GPV system would have a return of over 15 years compared to a floating system on NUST lake, an urban lake, which would have a return of 5.37 years [49]. Not having to pay for land for the installation in Islamabad makes the FPV system more feasible than a GPV system [49]. The pay back is also affected by the increase in electrical output and lower cleaning cost for FPV, which will be discussed later in the paper. Chowdhury et al. examined how the use of FPV in their home country, Bangladesh, can be very beneficial due to the high population density [50].




4.6. Shading and Soiling


FPV does not often suffer in performance from shading of the surroundings as it is located on a flat area [13]. The lack of shading is a benefit of FPV.



Soiling losses are a result of deposited dust accumulating on PV systems and are a major issue that reduces the power generation of a PV system [51,52,53,54]. Soiling losses that reduced power production by 3% to 4% in 2018 caused a revenue loss of EUR 3–5 billion due to the reduced power production [55]. By 2023, it is assumed that soiling losses will result in a revenue loss of EUR 4–7 billion. With an expected global solar energy generation of 7200 TWh by 2040, it is becoming increasingly important to reduce soiling losses. The common solution to reduce soiling losses is to use anti-soiling coatings on the PV system [56,57]. FPV is another solution that can reduce soiling losses. By employing FPV, the panels are less likely to undergo soiling as water bodies are often less dusty than the arid regions in which GPV are usually installed [13]. If soiling does occur, it is easier to clean FPV than GPV systems as there is water on site that can be used to clean the modules.




4.7. FPV Hybrid with (HPP)


Hydropower is the leading renewable source of electricity generating more electricity than all other renewable sources combined [58]. There are over 9000 HPP reservoirs globally [59], covering a surface of around 265,700 km2 [60]. These reservoirs are being researched for the potential of installing FPV [60]. The relatively new concept of coupling FPV with HPP is being explored and feasibility studies have been conducted in order to determine the advantages and disadvantages of the coupling [61]. Figure 6 shows a schematic of what a general HPP FPV hybrid system would look like. The main benefits of coupling HPP and FPV are water savings, water quality, grid connection, cooling, power fluctuation reduction, no land occupancy, energy storage, and radiation balance [61,62].



As stated in Section 4.3, FPV is found to reduce water evaporation, which therefore would increase hydropower efficiency [61,62,63]. A 1 MW installation of FPV can save between 700 m2 and 10,000 m2 of water annually [63]. Section 4.4 reviewed papers and concluded that FPV reduced algal growth in the water, which improves the water quality. Improved water quality is another benefit of coupling HPP with FPV.



Grid connection is an important benefit of coupling as it will save costs in the installation of FPV [61,63]. It is beneficial to install FPV systems where grid connections already exist.



A challenge with PV, and other renewable energy sources, is their intermittency [64]. The variable power generation is holding solar back from growing in the energy market [64]. Having FPV coupled with HPP helps with this issue as they can be used complementarily [62]. During the day when solar irradiance is high, the reservoir can hold water to be used when the FPV is not generating electricity [62]. On an annual basis, depending on the location, solar potential is often high while HPP has reduced power due to less water flow [61]. In 2020, a study was conducted by Yanlau Zhou that looked at how an FPV hybrid system with HPP affects the water, food, and energy nexus [65]. A model was created to maximize the water storage and power output of the hybrid system and concluded that the system would improve the synergistic benefit between water, energy, and food [65].



A study performed by the European Commission Joint Research Centre conducted an assessment on installing FPV on HPP reservoirs in Africa [66]. The study examined 146 of the largest HPP in Africa and concluded that installing FPV covering 1% of reservoirs would double the power capacity of HPP and increase electrical output by 58% [66]. Numerous African nations rely on HPP as their electricity source and increasing droughts in the continent affect the HPP power generation [66]. FPV was concluded to save water evaporation in the HPP reservoirs they are placed on, which is seen as a major benefit in Africa [66]. A study completed at Macquarie University conducted a feasibility analysis of installing FPV on HPP in Australia [67]. The paper examined the four largest HPP in New South Wales, Australia, and found that the total power capacity of the HPP can be met using FPV [67]. A techno-economic analysis was completed for an FPV HPP hybrid system in Bangladesh and concluded that the integration would be beneficial for the country [68]. The system would create clean energy, reduce water evaporation, have a return of nine years, and help reach sustainable development goals [68]. A paper written from Air University in Islamabad examined coupling FPV with a newly proposed HPP project in Pakistan [69]. The paper concluded that it would be prudent to combine the systems because it would generate significantly more electricity and benefit from sharing the transmission and distribution system [69]. It also notes that the FPV system will generate 10% more electrical output compared to a GPV system in the same location [69]. In recent years, Brazil has decreased its HPP generation and relied more on thermoelectric power plants, which has increased greenhouse gas emissions [70]. A paper by Naidion Motta Silverio looked at the use of FPV with existing HPP in the Sao Francisco River basin because this region has suffered from droughts, therefore, increasing its need for thermoelectric power plants [70]. Installing FPV on the existing HPP would be beneficial and is seen to compliment the seasonal flow of the river [70].



The first HPP FPV hybrid system was installed on the Alto Rabagao reservoir in Portugal in 2017, shown in Figure 7 [71]. The benefits of coupling HPP with an FPV system are clear in the academic papers and the potential for coupling systems is seen in countries around the world.




4.8. Irrigation Ponds


A possible location to install FPV is on irrigation ponds. Placement on agricultural irrigation ponds can be beneficial to providing farms with electricity [39]. A 305 kW FPV that covers 45% of an agricultural irrigation pond was installed in Brazil [71]. In Japan, the majority of installed FPV farms are on irrigation ponds [9]. The installed FPV can provide farms with electricity while also reducing water evaporation from the ponds [39].




4.9. Fresh Water vs. Marine Water


The majority of FPV research and installations have been in fresh water and this approach cannot simply be transferred to marine water installations [72]. As noted in Section 3.2, commonly used PV modules are not designed to be located in salty environments and the salty air will affect the metal frame. Further, FPV systems installed in a marine environment will be exposed to tides, currents, stronger winds, and waves [72]. The more diverse ecology in marine environments must be taken into consideration as it can cause biofouling and affect coral systems [72]. There is also the potential for artificial reefs to grow on an FPV installation and to combine FPV with other marine energy devices. The pontoon structures used for marine environments vary from those typically used for fresh water installations as seen in Figure 8, Figure 9 and Figure 10. Figure 8 shows Swimsol’s floating SolarSea located in the Maldives on individual two meter high wired frames with floats attached [73]. The wire frames allow the wave, wind, and current forces to pass through the structure, as oppose to solid pontoons which take on the full impact of the forces [73]. Figure 9 displays connected rectangular pontoon modules for a deployment in the Dutch North Sea. Figure 10 displays an innovative design by Ocean Sun that can be used in near-shore, sheltered, marine environments [74]. Overall, there is potential for FPV in marine environments. However, there are more challenges to overcome compared to fresh water installations and there exist large knowledge gaps in research.




4.10. High Altitude


Placing FPV in high mountain lakes has the benefit of the snow-covered mountains having high albedo and reflecting the solar rays [77]. The potential of FPV on mountain lakes has been examined in Switzerland where a 448 kWp FPV system was installed on Lac des Toules at an altitude of 1800 m [77,78,79]. Figure 11 shows the system on Lac des Toules that was installed in 2019 [78]. The snow-covered ground can increase the energy yield by 10% [79]. A benefit of the increased production in winter months is in alignment with higher energy use in Switzerland due to the heating of buildings [79]. A study found that the total potential for high-altitude FPV in Switzerland could meet the country’s energy demand while also reducing its carbon emissions [80].




4.11. Desalination


The option of using FPV for desalination plants has been researched. Desalination is the process of removing salts and minerals from seawater to obtain fresh water [81]. Desalination takes a significant amount of energy and is often powered by fossil fuels. Using solar energy for desalination would require a large area to produce enough energy according to a study conducted in California [81]. For this reason, the potential of using FPV for desalination is not yet feasible. It is an area of continuing research as desalination plants are located by water making FPV a great solution to render the process more sustainable.




4.12. Electric Vessels


The concept of using foldable floating solar arrays to charge electric vessels was explored in Mayank Tiwari’s paper [82]. The foldable floating solar arrays use the concept of FPV but are able to be easily taken on and off of the water surface [82]. The proposed system could be key in transitioning water vessels toward being electric powered [82].




4.13. Electrical Cabling


With increased installation of subsea electrical cables for marine renewables, there is growing concern that the electromagnetic fields (EMFs) can affect marine life [83]. The EMFs could affect animals that use magnetic fields to navigate and communicate [83]. The EMFs could also affect migrating fish [83]. More research is warranted in order to understand the risks and the potential effects should be considered when installing FPV in the meantime.




4.14. Submerged Photovoltaic (SPV)


There has been research on the potential of SPV. If viable, SPV could be used for sensors, autonomous power systems, and vehicles for both commercial and defence applications [84]. Research conducted in 1990 concluded that solar energy decreases as the depth of water increases [85]. The research showed that the decrease in solar energy with water depth is not an exponential trend [85]. The amount of solar energy absorbed within the first centimetre of water is 27% and 70% at a water depth of 3 m [85]. Using the derived mathematical equation at 100 m of water depth the remaining solar energy would only be 0.25% of the total transmitted solar energy [85]. Studies have stated that there is potential for the use of SPV for underwater applications [86]. The use of high-bandgap-InGaP cells are seen to perform better than silicon cells when submerged [86]. Another paper looked at comparing amorphous cells to monocrystalline cells and found that amorphous cells performed better overall [84]. Further, another investigation found that dye-sensitised cells perform better than mono-crystalline and amorphous cells when placed underwater [87]. A benefit of SPV is the cooling effect from the water, limited soiling losses or need for cleaning, and reduced land constraints [84]. One study performed in Italy examined the potential of using SPV in swimming pools [88]. The study discussed the potential of using the power from the SPV to heat the swimming pool [88]. Rendered examples of SPV being used for swimming can be seen in Figure 12 and Figure 13.





5. Perspective


The global potential for FPV has been calculated in various studies. A study by Lee et al. examined 279,068 global HPP reservoirs and calculated a 3.0 TW potential [62]. Farfan et al. found a 4.4 TW potential looking at global HPP reservoirs [60]. A novel study investigating the potential of FPV in North America concluded that there are 24,419 bodies of water, all human-made, that are suitable for FPV installations [89]. If 27% of these bodies of water were covered with FPV it would supply 10% of the country’s electricity demand [89]. Many of these installations would see multiple benefits in areas with high land costs, water scarcity, and increasing electricity prices [89]. Currently, there are fewer than 10 installments in North America [90]. The Solar Energy Institute of Singapore looked at global potential on human-made reservoirs with FPV covering 1%, 5%, and 10% of the reservoirs’ area [14]. The results are seen in Table 4.



Given the research conducted to date on FPV, it is shown that there is large potential for FPV globally. The world’s first development guidelines for FPV were released in March 2021 by Det Norske Veritas (DNV) [91]. The document contains guidelines, recommendations, and requirements for the design, development, operation, and decommissioning of FPV installation. In areas with high population density, where land is scarce and expensive, FPV seems to be a great solution for obtaining clean energy. It is also beneficial for water-scarce countries as it will reduce water evaporation from reservoirs that hold water for human use. Through research into coupling FPV with HPP it seems to be a great solution for countries that already have HPPs installed. The reservoirs for HPPs provide ample space for FPV and are already connected to the grid, making it simple to transfer the solar energy onto the grid. With the development of FPV occurring at such a rapid rate, it is resulting in knowledge gaps, especially around the impacts on water quality. This is an area that needs more research and analysis because if FPV has a large negative impact on water quality and habitational water ecosystems then it is not a solution to help move towards a more sustainable future. GPV is currently a leading renewable energy technology, but research is showing that FPV could be a solution to the issues of GPV. Table 5 shows a comparison of some key differences between GPV and FPV.




6. Conclusions


An in-depth review of the status of FPV has been conducted. The review concludes that while there are many benefits of FPV, there are also disadvantages that are known, and some disadvantages that may have not yet been discovered. Advantages of FPV installation over a GPV system include cooling due to the proximity to water, no land use requirements, reduced water evaporation, reduced soiling, reduced algal blooms, and easy installation. Known disadvantages include humidity effects on the PV modules and unknown effects on water quality. Sites best suited for FPV are human-made bodies of water including reservoirs, irrigation ponds, and industrial ponds. There is great potential for FPV to be integrated in a hybrid system with reservoirs of HPPs. The already existing grid access and reduced water evaporation are the two main advantages of a hybrid system. Countries with high population densities are looking toward FPV as a way of acquiring a renewable energy source without using valuable land. It is expected that FPV installation will continue to double yearly and provide clean energy globally and research will continue to ensure there are no negative effects.




7. Future Scope


While there are a lot of positive results from FPV, there are still questions regarding the environmental impact. There has not been extensive research on the negative effects FPV bears on the water they are installed on and this is an area that needs to be focused on in research moving forward. The majority of FPV installations have been in fresh water. Marine environments are more difficult to install FPV due to the difficult conditions that the panels must endure (waves, currents, tides, winds, salt). This is an area that will require further research and development. The future of FPV is looking strong, but there remains further researh to be conducted.
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	FPV
	floating photovoltaic
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	ground-mounted photovoltaic
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	hydroelectric power plant
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	International Energy Agency



	PV
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	SPV
	submerged photovoltaic
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Figure 1. Global FPV installed capacity. Adapted with permission from [14]. 2019, World Bank. 
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Figure 2. Globally installed FPV as of 2021. Adapted with permission from [17]. 2021, Ma. 
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Figure 3. Flowchart of review process. 
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Figure 4. FPV components Reprinted wiht permission from [18]. 2020, Oliveira-Pinto. 
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Figure 5. Array deployment using a ramp. Reprinted with permission from [14]. 2019, World Bank. 
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Figure 6. FPV hybrid system with HPP schematic. Reprinted with permission from [62]. 2020, Lee. 
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Figure 7. First HPP FPV hybrid system installed on Alto Rabagao reservoir, Portugal in 2017 (41.7° N, 7.9° W). Reprinted with permission from [14]. 2019, World Bank. 
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Figure 8. Marine FPV installation in the Maldives (5.23° N and 4.49° N). Reprinted with permission from [73]. 
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Figure 9. Marine FPV installation in the Dutch North Sea (56° N, 3° E). Reprinted with permission from [75]. 
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Figure 10. Ocean Sun floating solar system in Norway (60.1° N, 5.2° E). Reprinted with permission from [76]. 
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Figure 11. Lac des Toules high-altitude FPV installation (45.9° N, 7.2° E) Reprinted with permission from [78]. 
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Figure 12. SPV used at bottom of pool. Reprinted with permission from [88]. 
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Figure 13. SPV integrated with pool skimmer edge. Reprinted with permission from [88]. 






Figure 13. SPV integrated with pool skimmer edge. Reprinted with permission from [88].



[image: Cleantechnol 04 00046 g013]







[image: Table] 





Table 1. FPV early development milestones.Adapted with permission from [14]. 2019, World Bank. [14].
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	Milestone
	Year
	Location
	Size (kWp)





	First FPV installation
	2007
	Aichi Province, Japan
	20



	First FPV installation (nonresearched)
	2008
	Far Niente Winery, USA
	175



	First tracking FPV installation
	2010
	Petra Winery, Italy
	200



	First MW size FPV installation
	2013
	Saitama Prefecture, Japan
	1180



	First FPV hybrid system with a hydroelectric power plant (HPP)
	2017
	Alto Rabagao Dam, Portugal
	220
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Table 2. Site suitability. Adapted with permission from [14]. 2019, World Bank.
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	Feature
	Criteria





	Weather
	High irradiance



	
	Limited rain or fog



	
	Wind speeds below 30 m/s



	Location
	No shadowing from mountains or surrounding buildings



	
	Convenient transportation



	
	Convenient installation and maintenance



	
	Close to electrical connection



	Ground conditions
	Consistent terrain



	
	Compact soil for anchoring



	Water conditions
	Limited waves



	
	Fresh water



	
	Low hardness



	
	Low salinity
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Table 3. Potential opportunities and threats of FPV on water quality. Reprinted with permission from [44]. 2021, Exley.
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	System
	Opportunities
	Threats





	Physical
	Reduced Evaporation
	



	
	Reduced Water Temperature
	



	
	Reduced Sedimentation
	



	
	Continued Horizontal Mixing
	



	Chemical
	Reduced Salinity
	Anoxia



	
	
	Nitrification



	
	
	Release of Methane



	
	
	Release of Hydrogen Sulfide



	
	
	Release of Ammonia



	
	
	Release of Heavy Metals from Bed Sediments



	Biological
	Reduced Algae Growth
	Algal Biomass Peaks Delayed



	
	Reduced Faecal Coliforms E. Coli Concentrations
	Algal Composition Modified



	
	Reduced Predator Vigilance for Fish
	Large Algal Blooms



	
	Increased Zooplankton
	Success of Blue-Green Algae Improved



	
	
	Reduced Mixing and Turbidity



	
	
	Fish Die



	
	
	Shading Affects Fish Feeding
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Table 4. Reservoir Capacity. Adapted with permission from [14]. 2019, World Bank.
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	Continent
	Total Available Surface Area (km2)
	Number of Bodies of Water Examined
	Potential FPV Capacity with 1% Coverage (GWp)
	Potential FPV Capacity with 5% Coverage (GWp)
	Potential FPV Capacity with 10% Coverage (GWp)





	Africa
	101,130
	724
	101
	506
	1011



	Asia
	115,621
	2941
	116
	578
	1156



	Europe
	20,424
	1082
	20
	102
	204



	North America
	126,017
	2248
	126
	630
	1260



	Oceania
	4991
	254
	5
	25
	50



	South America
	36,271
	299
	36
	181
	363



	Total
	404,454
	6648
	404
	2022
	4044
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Table 5. Advantages and disadvantages of FPV and GPV.
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	Topic
	GPV
	FPV





	Cost
	High land costs
	Increased cost because of need for floats, anchoring, mooring, and plant design



	
	Dropping costs
	Higher perceived risk because of technology maturity



	Efficiency
	
	Increased efficiency due to cooling



	Soiling
	Amount of soiling depends on the surrounding land
	Lowered soiling compared to GPV



	Shading
	Amount of shading depends on the surrounding landscape
	Limited shading
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
1.98
0.99 ~

15.98

75.04

China Japan = Korea = UK = Other





media/file18.png





media/file21.jpg





media/file26.png
?x;\ \_o_,.





media/file3.jpg
1.98
0.9~

15.98

75.04

China Japan = Korea = UK = Other





media/file22.png
o






media/file19.jpg





media/file7.jpg
loating structure Tverter

Solar Panel and support system|

Mooring and anchoring

"






media/file10.png
S
R

-
I

"]
™
i
i
(]
4

{

|

\

-

O

.
s

J T A
L

me 7555 EE

Wi

Iy

el ]
= ¥.¢m~,m_





media/file14.png





media/file11.jpg
Internal Interconnection Cables.

Floating Solar PV System

Hybrid System Substation






media/file6.png
Key words

-~

/
N

Exeter library

Google
Scholar

\
N

Mendeley

AN
\ "
-

/.

Add to
Excel table

.

Organise
by category

/
-'\

RN

Modeling

N

e

Review paper

Ny

"

Feasibility
study






media/file15.jpg





nav.xhtml


  cleantechnol-04-00046


  
    		
      cleantechnol-04-00046
    


  




  





media/file16.png





media/file2.png
MWep

mmmm Annual installled floating photovoltaic capacity e Cumulative installed floating photovoltaic capacity

1400

1200

1000
800
600
400

200

0 0.5 1 15 2.2 3.4 5.7

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

2017 2018





media/file20.png





media/file23.jpg





media/file5.jpg
Key words

Exeter library ‘

Google
Scholar

Mendeley

Add to
Excel table

Organise
by category

Modeling ‘

Review paper

Feasibility
study






media/file24.png





media/file1.jpg
[ ——

[EET——————






media/file25.jpg





media/file12.png
' Int [ Int tion Cabl
Floating Solar PV System nternal Interconnection Cables

Hybrid System Substation

~Transmission System

Hydropower Dam






media/file9.jpg





media/file0.png





media/file8.png
Floating structure Inverter

Solar Panel and support system

Mooring and anchoring

/ e
Underwater Cable/






media/file17.jpg





