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Abstract: Floating solar photovoltaic (FPV) systems have become an increasingly attractive appli-
cation of photovoltaics (PV) because of land-use constraints, the cost of land and site preparation,
and the perceived energy and environmental co-benefits. Despite the increasing interest in FPV
systems, a robust validation of their suggested co-benefits and impacts on the nexus of energy, water,
and food (EWF) systems is lacking. This information gap makes it challenging for decision makers
to justify its adoption—potentially suppressing FPV deployment. To address this gap and to help
de-risk this PV deployment opportunity, we (1) review the suggested co-benefits of FPV systems
with a focus on the impacts that could alleviate pressures on EWF systems and (2) identify areas
where further research is needed to reduce uncertainty around FPV system performance. Our review
reveals that EWF nexus-relevant co-benefits, such as improved panel efficiency and reduced land
usage, are corroborated in the literature, whereas others, such as water quality impacts, lack empirical
evidence. Our findings indicate that further research is needed to quantify the water-related and
broader economic, environmental, social, sustainability, justice, and resilience co-benefits and impacts
of FPV systems.

Keywords: floating solar; FPV; photovoltaics; renewable energy; water security; food security;
energy-water-food nexus; co-benefits; impacts

1. Introduction

The energy-water-food (EWF) nexus refers to the interconnected nature of these
systems where demands have the potential to impact another. Efforts to meet energy,
water, and food demands have historically been siloed despite the strong interdependence
of these resources [1–3]. Trends such as population growth, urbanization, and climate
change have highlighted the importance of considering the competing demands for EWF
resources, drawing awareness to the need for more holistic approaches to sustainably meet
global demands [1–5]. Figure 1 highlights the interdependence and some competing uses
of energy, water, and food and land resources as they relate to the environmental, social,
and economic attributes commonly associated with sustainability.

Beyond water’s importance to global ecosystems, its role is extensive—spanning
irrigation, drinking water, sanitation, power generation, recreation, ecosystems, and in-
dustrial uses. Global water demand by sector in 2014 was estimated at 10% for power
generation and primary energy production, 7.5% for industry, 15% for municipal use (such
as drinking water and recreation), and approximately 68% for agricultural use [6–8]. As
population increases, so does the demand for water. Global aggregate water use for power
generation, food production, and industrial and domestic use is projected to increase by
20–30% during the next 30 years, raising concerns about the security of these resources
due to competing demands [6]. Water is also vulnerable to climate change impacts, which
affect the timing and intensity of precipitation (e.g., increased occurrence and intensity of
floods and/or droughts), the availability of freshwater supplies, and water quality. The
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world’s power supply is still dominated by thermoelectric (fossil-fuel-based and nuclear)
and hydroelectric power plants, which require a reliable supply of water [9,10]. Climate
change impacts on water availability and water quality can leave these power generation
systems as stranded infrastructure, leading to reduced electricity capacity availability and
increased brownouts [11–14]. Continued dependence on water resources for power gener-
ation could exacerbate existing water stresses, leaving global power systems vulnerable
to changes in water resource availability [9,15]. For example, the increased occurrence
and intensity of droughts due to climate change and existing water stresses caused by the
competing demands for water can lead to less water available for hydropower generation,
leading to the need for brownouts and costly energy imports. Resilience planning for
potential changes in water supply through energy technology selection, energy storage,
and system operations as part of the energy system planning process could help alleviate
these risks. The increased adoption of renewable energy, energy-efficiency measures, the re-
optimization of hydropower and thermoelectric plant operations, and the wide deployment
of water-saving technologies in electricity production could help offset these vulnerabilities,
and balance the resulting impacts on water use for other applications [9,11,16–18].

Figure 1. Overview of competing uses for energy, water, food and land resources.

As populations grow, the demand for housing, food, and energy also increases, cre-
ating land use competition for buildings, industry, food production, power generation,
transportation, fuel production, and ecosystem goods and services [19–21]. Global energy
demand is projected to increase from 25–50% by 2050, led by growth in Asia, South America,
and Africa [22]. These anticipated increases in energy demand will further strain existing
land resources. Trainor et al. [23] estimated that by 2040, more than 800,000 km2 (an area
greater than the state of Texas) of additional land in the United States will be impacted by
energy development. In Europe, Trondle [24] estimates that approximately 2% of Europe’s
total land mass—approximately the size of Portugal—would be needed to cost-optimally
transition to a 100% renewable electricity mix. In general, renewable energy projects have
a higher land footprint (ranging from 1–10 m2/MWh for non-bioenergy renewable en-
ergy and 100–1000 m2/MWh for bioenergy) than fossil fuel projects (which range from
0.1–1 m2/MWh) [25]. Fossil-fuel based and nuclear generation projects, however, typically
require new land once all the energy resources have been extracted, whereas renewable
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energy projects can typically reuse the same land [23,26]. Competition for land is especially
acute in land-constrained countries such as islands [27]. Alternative power generation
options that have low or no land-use requirements could help alleviate this pressure on
the energy–land nexus. For example, Hoffacker et al. [28] explored the potential for solar
energy development on nonconventional land-cover types, including reservoirs, to mitigate
land scarcity concerns. Research is also being conducted on the colocation of photovoltaics
(PV) with agricultural and grazing lands and the colocation of PV on degraded land, such
as landfills [29,30]. There is a need to identify innovative technology and policy solutions
that make the best use of land resources to sustainably meet the interdependent demands
for energy, water, food, and land.

Floating solar photovoltaic (FPV) systems have emerged as a potential technological
solution to meet future energy demands while reducing some of the highlighted pressures
on land and water resources. As such, power sector stakeholders in land-constrained
countries (several of which are located in Asia) have displayed strong interest in this
PV deployment opportunity (more than 80% of installed FPV projects are located in
Asia, largely in China, Korea, and Japan) [31]. Cazzaniga and Rosa-Clot [32] project
that FPV system interest and growth could continue, potentially contributing up to 1.9%
(710 TWh) of total global electricity production by 2030. Stand-alone (Figure 2) and
hybridized FPV systems are an application of PV technology where panels are sited
on water rather than installed on land or a rooftop. Beyond generating energy from a
renewable source, FPV is an attractive option because of its perceived co-benefits—benefits
beyond renewable energy generation. These extensive potential co-benefits are listed in
Table 1 [33–42]. Ranjbaran et al. [43] present a thorough review of the applications of FPV
systems, cited co-benefits, and comparisons with ground-mounted PV. Hybridizing FPV
systems with hydropower dams could unlock additional co-benefits, including decreased
infrastructure installation costs by leveraging the existing transmission infrastructure,
reduced curtailment and improved power quality of PV, decreased dependence on basin
water for power generation especially during droughts and other water scarcity periods,
and reduced erosion from the diminished wave action in reservoirs [31,34,44–49]. Sanchez
et al. [50] estimate that siting FPV systems on 1% of the existing hydropower reservoirs
in Africa could generate approximately 53 TWh of electricity (largely from FPV plants
located in West and East Africa, which have abundant hydropower and solar resources).
Lee et al. [49] estimate that the global technical potential for FPV-hydropower hybrids
ranges from 4251 to 10,616 TWh (which could meet 29–72% of additional power generation
needs by 2040).

Figure 2. Schematic of a typical large-scale floating photovoltaic (FPV) system. Reprinted with
permission from ref. [49]. Copyright 2021 Elsevier.



Sustainability 2021, 13, 4317 4 of 17



Sustainability 2021, 13, 4317 5 of 17

Table 1. List of standalone (S) and hybridized (H) FPV co-benefits reviewed in this paper (S = standalone FPV, H = hybridized
FPV) [33–42,49].

Social Economic Energy Water Food or Land

Reduces land use (S, H) Increases ease of
installation (S, H)

Increases panel
efficiency (S) Reduces evaporation (S, H) Reduces land use (S, H)

Repurposes otherwise
unusable land (S, H)

Reduces site preparation
(S, H)

Increases panel
packing density (S, H)

Reduces algae growth and
improves water quality (S, H)

Repurposes otherwise
unusable land (S, H)

Preserves valuable land
and water for other uses

(S, H)
Modular (S, H) Reduces shading

(S, H)
Reduces water temperature

(S, H)

Increases energy sources
near demand or

population centers (S, H)

Avoids or reduces
conflicts over land and

water use (S, H)

Uses existing electrical
transmission

infrastructure (S, H)

Increases panel
efficiency (H)

Provides power during
drought (H)

Reduces or avoids
power-generation related

air-pollution (S, H)
Reduces curtailment (H) Improves power

quality (H) Reduces wave formation (S, H)

Reduces displacement of
local communities for

energy development (S, H)

Improves power
quality (H)

Improves power sector
resilience (S, H) Extends system life (S, H)

Understanding the full scope of FPV co-benefits and impacts—social, environmental,
economic, and otherwise—will help quantify FPV’s potential to ease competing demands
on EWF systems; however, there is limited research on this topic and limited research
validating the suggested co-benefits of FPV systems and the potential synergies between
FPV systems and the EWF nexus. The few papers discussed here represent most of
the publicly available research on the potential synergies between FPV systems and the
EWF nexus.

Cagle et al. [51] develop an empirical framework and metrics for understanding
and measuring land and water resource use for FPV systems. Based on data from four
small FPV installations in the United States, the authors find that the FPV systems have
a smaller land use footprint than a comparable ground-mounted PV system. On the
other hand, these four installations have, on average, a similar or slightly greater resource
efficiency than comparable land-based PV and wind power plants. Campana et al. [52]
examine how the reduced evaporation from FPV installations could reduce water-energy
concerns. The authors develop a techno-economic simulation and optimization model
that demonstrated reduced evaporation losses and reduced environmental impacts of
shrimp farming. Gamarra and Ronk [53] discuss how FPV deployment could reduce
evaporation, reduce water use, and improve water quality in water-scarce Texas through
the energy-water lens. Hernandez et al. [54] note that FPV systems can help alleviate land
use concerns because FPV systems can be sited on otherwise unusable water bodies while
reducing the need for land use in power generation. Pringle et al. [41] discuss potential
nexus synergies between FPV deployment and aquaculture to reduce EWF nexus pressures.
Some potential benefits highlighted include increased energy output from the PV panels,
reduced water evaporation, and improved fish growth rates. Santafé et al. [55] explore
potential applications of FPV systems on irrigation reservoirs in Spain to reduce water
evaporation and to generate power. Sulaeman et al. [56] evaluate the potential for FPV
deployed on hydropower in the Amazon region of Brazil to minimize environmental and
social impacts of continued hydropower dam expansion, and Zhou et al. [57] develop a
multi-objective optimization model of an FPV-hydropower hybrid system that is optimized
for EWF demand priorities. Studying the Shihmen Reservoir watershed and its EWF
systems, the authors demonstrate that their multi-objective model for complementary
operation of an FPV-hydropower hybrid could improve water storage (by 13%), food
production (by 13.3%), and energy output (by 15.1%).
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Despite the several potential co-benefits of FPV systems, there is uncertainty about how
levelized costs for FPV compare with land-based PV systems. Although the capital costs of
FPV systems vary by location, they remain slightly higher than land-based systems [58];
however, recent installations have reduced operation-and-maintenance (O and M) costs
(because of reduced cleaning and land upkeep requirements) and land acquisition-related
costs (often no cost for an underused water body area) than their land-based relatives [59]. It
is unclear whether the increased capital costs of FPV systems are indicative of these systems’
nascence in the PV market; however, advances such as improved anchoring, floating
platforms, and deployment practices have reduced the installation costs in recent years
and could continue to help FPV reach parity with land-based systems [59]. Additionally,
valuation methods to quantify the potential economic and grid operational value of the
social, environmental, and resilience benefits of FPV are largely absent.

Knowledge gaps remain on the costs of FPV systems, potential negative impacts,
and validation of the regularly highlighted co-benefits. These gaps make it challenging
for potential adopters to identify and quantify the actual advantages derived from FPV
systems—potentially suppressing FPV system investment [31,60]. To explore how FPV
systems could help reduce pressures on EWF systems, this article reviews relevant FPV
co-benefit and impact literature. Other studies are needed to address the gaps in the
literature on FPV costs and environmental impacts. The purposes of this work are to
(1) review the suggested co-benefits of FPV systems with a focus on the co-benefits that
could alleviate EWF system pressures and to (2) identify areas where further research is
needed to reduce uncertainty around FPV systems and to de-risk this PV deployment
opportunity. We specifically seek to identify empirical evidence on the cited co-benefits of
FPV systems. Understanding the full scope of FPV co-benefits will help to quantify the
true cost of FPV by understanding its economic and operational value to the grid and its
sustainability and resilience benefits to the environment and society.

We limit the scope of FPV systems, in this review, to those sited on inland water bodies.
We do not consider systems hosted on marine or offshore water bodies. Additionally, this
paper largely focuses on the co-benefits provided by FPV as there is very limited research
available on the potential negative impacts of FPV systems.

2. Materials and Methods

The research presented is based on a systematic literature review, specifically seeking
empirical evidence (data) on the suggested co-benefits and impacts of FPV systems, both
stand-alone and hybridized with hydropower.

First, as illustrated in Figure 3, a broad literature survey was conducted to identify
recent research on FPV co-benefits. This consisted of identifying FPV research relevant to co-
benefits and the energy water nexus. Once identified, we limited our analysis to reviewing
recent (2014 through 2020), publicly available “review of FPV systems” papers published in
English to help develop a list of claimed co-benefits and to identify additional information
sources. Search terms including “floating PV”, “floating photovoltaics”, “floating solar”
and “FPV” were used in Google Scholar and DuckDuckGo. Both scholarly and news
articles were initially screened for relevance, and then the highlighted co-benefits and
data were recorded, and citations explored. Once gaps in the co-benefit data support were
identified, the previous search terms were combined with co-benefit relevant terms, such
as “algae”, and “water quality” to attempt to find empirical evidence beyond the sources
cited. In total, 45 articles were reviewed in detail.

Following this broad literature survey, for each co-benefit cited in the literature, we
reviewed the sources to identify whether these were based on theoretical data, empirical field
data, or other sources, as shown in Figure 3. These co-benefits were then categorized as:

1. Empirically validated (+) where papers provided empirical field data from existing
FPV installations.

2. Theoretically validated (T) where mention of a co-benefit was supported by modeling
analysis but no empirical field data.
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3. Unclear or understudied (0) where mention of a co-benefit was supported by a self-
citing data sources or no data or citation.

Where a non-FPV source was cited to validate a co-benefit, we noted the subject matter
context of that source (e.g., benchtop biology study of algae in support of certain FPV
ecological co-benefits).

Figure 3. Overview of literature review methodology to (top) identify list of claimed of co-benefits
and (bottom) co-benefit categorization.

3. Results

Table 2 presents a summary of our results from mapping each of the reviewed articles,
data, and corresponding sources to each suggested co-benefit. The table lists co-benefits
segmented by type and FPV system type (stand-alone or hybridized), with a designation of
“Empirically confirmed (+)”, “Theoretical (T)” or “Unclear or Understudied (0)” The table
also provides citations and lists available values for the empirically confirmed co-benefits.
Overall, our results revealed that most power generation and cost-related co-benefits of
FPV systems are supported by empirical data; however, further research and empirical
evidence are needed to validate several water-related and land-related co-benefits.
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Table 2. Co-benefit claims of FPV systems—broken down by co-benefit type and FPV system type.

Co-Benefit FPV FPV-Hydropower Hybrid Values Reported References

Site-specific Power Generation

Increased panel efficiency (lower
operating temperature) + T * 5–11%, >5 ◦C [61–65]

Pack PV panels more densely + + 8◦ tilt for density ** [64,66,67]

Reduced shading + + [34,61,68]

Water

Reduced evaporation T T 50%, 70%, >90%,
680–1850 mm/yr

[28,33–35,37–
39,50,55,61,63,64,67,69–71]

Reduced algae growth/improved
water quality T 0 [33–35,37,69,71–73]

Lower water temperature 0 0 [35,69]

Power during drought 0 0 [31,69,74]

Reduced wave formation 0 0 [35,37,67]

Land

Reduced land use/repurposed
bad land + T *

Land sparing ration of 2.7:1 m2
(i.e., land required for

land-based PV system compared
to similar sized FPV system)

[28,33–35,51,64]

Location near
demand/population centers T T [28,33,34,64]

Cost and other

Ease of installation + + 1.2 + 1.7 MWp installed <1 year [34,75,76]

Reduced site preparation T T [31,34,35]

Modularity + + [34,35,37]

Extends system life 0 0 [40,69]

Hybrid with hydroelectric dam

Use existing electrical
transmission infrastructure T [31,34,44–48,61,77,78]

Reduced curtailment T [31,34,44–48,61,77,78]

Improved power quality T [31,34,44–48,61,77,78]
* This co-benefit was categorized as theoretical for hybrid systems because even though the same trend should be observed in both
standalone and hybrid systems, empirical data from a hybrid installation had not yet been published as of this review. ** This may not be
the optimal tilt for energy production at a given latitude or for self-cleaning.

4. Discussion

This section discusses how the co-benefits of both the stand-alone and hybrid FPV
systems reviewed in Table 2 demonstrate strong potential to meet the increasing demand
for renewable energy sources while balancing the competing needs for water and land.

4.1. Site-Specific Power Generation Co-Benefits

The most widely documented and empirically supported benefit is increased panel effi-
ciency leading to increased power production compared with a land-based PV system. For
pontoon systems allowing air circulation behind the panel, an average 5–11% increase in power
production has been reported in California (U.S.), Italy, Spain, and other locations [35,61–63,65].
This increase in panel efficiency is directly related to the reduced operating temperature
of the panel, a well-documented benefit of siting the PV system on a water body [62,79].
The operating temperature is lower because of the water and air circulation below the
PV panels on the pontoons. The extent of panel efficiency improvements varies based
on pontoon design and climactic zone; for example, a more humid environment has less
evaporative cooling, which would result in fewer efficiency benefits [60,61].
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4.2. Water-Related Co-Benefits

Reduced evaporation is one of the most common benefit claims. One of the largest FPV
installers, Ciel et Terre, claims reduced evaporation from their FPV installations but does
not attempt to quantify it [35]. In a proposal to the Colorado River Basin Water Supply and
Demand study, SPG Solar claimed a 70% evaporation reduction based on their installation
at Far Niente Winery. Supporting data were not available, and correspondence with Far
Niente indicates no ability to measure evaporation reduction [69,80]; however, this installa-
tion covers most of the available water body surface area, suggesting that the evaporation
calculations are partly based on water body area coverage. Sanchez et al. [50] use a geospa-
tial estimation of the water loss caused by evaporation in Africa’s existing hydropower
reservoirs [15] to estimate additional potential hydroelectricity generation as a result of the
water savings from covering the reservoirs with FPV. A similar approach was applied to
quantify the evaporation savings of an FPV prototype in Alicante, Spain. Santafé et al. [55]
installed a 300 kW FPV system test bed over an irrigation water reservoir, which covered
4490 m2, to measure evaporation savings and power generation and observed 5000 m3 of
water savings per year because of avoided evaporation. Hoffacker et al. [28] applied the
water savings-to-panel ratio from the Santafé study to a study of California’s Central Valley
and estimated that FPV systems could save 0.12 km3 of water per year. Most commonly,
however, an Australian study of different evaporation reduction methods is cited as a proxy
for FPV evaporation reduction [71], but empirical field data of reduced evaporation from
an FPV installation were unavailable in the literature examined. The Solar Energy Research
Institute of Singapore describes research in reduced water evaporation as “ongoing” [70].

Although there is no empirical evidence supporting this claim, several theoretical
modeling studies have been conducted to demonstrate the evaporation reduction potential
of FPV systems [33,34,39,67,69,81,82]. Further, several studies have conducted bench-
scale tests to validate claims of evaporation reduction. Zhang et al. [83] performed a
bench-top evaporation test with a solar simulator, an organic PV cell, and a water-filled
glass container and found a 24–35% evaporation reduction compared to an identical
uncovered container of water. Taboada et al. [84] compared the evaporation potential
of two identical preheated copper mine ponds with high-density polyethylene pontoons
and PV covering 95% of the water area of one pond and the other pond left uncovered.
Measurements during an 8-month time span showed 90% water savings in the FPV-
covered pond compared to the uncovered pond [84]. As noted by Liber et al. [85], most of
these evaporation studies use at least one of the following approaches: (1) using general
evaporative models to predict specific evaporative savings for FPV systems, (2) installing
a small-scale floating shade cover, (3) using traditional pan evaporative methods, and
(4) using suspended shade cloth covers as a proxy for FPV system coverage. Based on some
shortcomings of these methods’ abilities to measure the empirical evaporation from FPV
installations, the authors recommend using site-specific evaporation models to estimate
potential evaporation savings [85]. Given that evaporation reduction is one of the primary
cited co-benefits of FPV systems and that it could increase water availability for other uses,
this is a critical information gap that should be addressed with further research.

Other water-related co-benefits claimed in the literature include improved water
quality and reduced algae growth [34–39,69,82]; however, only one theoretical study on
the potential ecological impacts of FPV systems has been published. Haas et al. [73]
assessed the impact of FPV modules on the water quality of a hydropower reservoir by
simulating total chlorophyll-a levels as a proxy for biomass (algal) growth and found that
algal bloom was avoided when FPV modules covered 40–60% of the reservoir. Except
for this modeling study, we were unable to validate other reports about water quality
impacts. The primary citations for reduced algal growth are a book on growth rates
of algae under differing intensities of ultraviolet (UV) light and an Australian study of
various evaporation reduction technologies, neither of which have conclusive data on algal
growth [71,72]. The Far Niente Winery anecdotally reported no impact on algae blooms,
although the pond is used for discharge from cleaning wine equipment and this could
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affect algal growth [80]. As with the evaporation reduction potential, we found no available
empirical data from FPV installations to support the claim that FPV reduces algal growth
or improves water quality. A critical first step in addressing this gap is to collect various
water quality measurements (such as chloride, pH, and chlorophyll levels) and monitor
general system performance [85].

4.3. Land Use-Related Co-Benefits

One of the most validated co-benefits of FPV systems is reduced land usage. In regions
with land constraints or high land costs, FPV systems can support expanded PV installation,
which was previously prohibitively expensive. Quantitative analysis in this research area
is still growing; however, Liber et al. [85] conducted an initial theoretical analysis on
the trade-offs between land use savings and power generation efficiency in FPV systems
compared to land-based PV systems. The results indicate that FPV systems have a higher
PV panel packing density, which allows more PV capacity to be installed for a given surface
area; however, because land-based PV systems are typically installed at optimal tilt angles,
among other factors, they could have a slightly higher power generation efficiency (that is,
they have a higher megawatt-hour per megawatt of PV capacity installed). Cagle et al. [51]
also recently published an empirical study that proposed three metrics to assess the land
and water use efficiency of FPV systems at four installations in the United States: the land
sparing ratio, water surface use efficiency, and water surface transformation. In many cases,
despite the additional cost of the floatation system, the reduced cost of land acquisition
and preparation results is a significant cost benefit to the FPV system, translating into as
much as 26% lower development costs than ground-mounted PV [31,34,48,86].

4.4. Cost and Installation Co-Benefits

The FPV array can be assembled on land and simply towed out into the water. In
Japan, a pair of FPV systems on lakes Nishihira (1.7 MWp) and Higashihira (1.2 MWp)
were assembled, installed, and brought online in one year [75,76]. Depending on the
transformer placement and anchoring systems, concrete use is also reduced or eliminated.
Generalizing such installation benefits, however, might not be advisable because FPV
installation timelines can vary widely because of different jurisdictional processes, site
geography, and other factors.

4.5. FPV-Hydropower Hybrid-Related Co-Benefits

An emerging application of FPV systems is pairing the system with a hydropower
reservoir, which could enable several additional co-benefits. These include power system
optimization benefits, such as increased utilization of existing transmission infrastructure,
reduced curtailment, improved power “quality” (such as smoothing of PV generation
on both a minute-to-minute and hourly timescale, time-shifting, and seasonal compen-
sation); and environmental benefits, such as water savings from reduced hydropower
operation [34,44,46,48,49,77]. Although there are no publicly available empirical data from
FPV-hydropower hybrid systems supporting these claims, several modeling studies have
made a strong case for these co-benefits if the hybrid systems are planned and executed
well. The Longyangxia Dam PV-hydropower hybrid system—which is not an FPV system
but pairs hydropower generation with a nearby land-based PV power plant—successfully
demonstrates some of these co-benefits [47,78]. Additionally, Liu et al. [45] modeled an
FPV-hydropower hybrid system; the results indicate that this hybrid system could provide
land use savings and evaporation savings as well as increased generation without reducing
system reliability.

Regions such as the desert southwest in the United States and some countries in South-
east Asia could benefit from the addition of FPV to existing hydropower infrastructure
to conserve water resources through reduced evaporation and generation diversification,
ultimately easing stresses on limited water resources. Policy and planning considera-
tions that ensure that existing or new hydropower deployment consider the costs and
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benefits of diversification with FPV, or other hybrid options, could ensure that power sys-
tems in these regions can reliably meet demand while also addressing these EWF system
pressures. Ensuring that new hydropower or existing retrofits require quick-ramping or
reactive turbine technologies could also help to future-proof these systems and allow for
FPV hybridization [78].

4.6. Reliability, Degradation, and Environmental Impact

System lifetime—which determines FPV system cost-effectiveness—depends on a
variety of factors, including the rate of panel and pontoon degradation. Plastic is known
to degrade both under UV light and mechanical stress, and it can usually be mitigated by
additives, such as UV absorbers. Lifetime panel and pontoon degradation, O and M costs,
and water quality metrics during the lifetime of the FPV system are critical performance
considerations for potential investors.

Typical ground-mounted PV manufacturers offer warranties from 10 to 12 years (and
up to 25 years, in some cases) for PV modules and 10-year equipment warranties for PV
inverters, as well as limited performance warranties [87,88]. For FPV systems, an additional
warranty is usually provided for the FPV floatation structure. Companies selling FPV
floatation structures typically offer a guarantee from 10 to 25 years for the pontoons [35,82];
however, limited data were found on warranties for pontoon performance, or data on PV
panel or pontoon degradation, or how degradation of FPV systems compares to that of
land-based PV systems.

Data from several FPV installations provide some insight into mechanical failures of
floating systems [37,61,64]. For example, Liu et al. [61] detail mechanical damage caused by
platform movement, including breaking joints, snapping electrical grounding connections,
and struggles with wire management. The literature speculates that water and humidity
are known to degrade PV system components, whereas in theory a reduced operating
temperature might extend lifetime. Our review did not identify field data for plastic
pontoon degradation or the impact of extreme weather events on systems.

Another area of uncertainty is the definition and scope of “environmental impacts” of
FPV systems; however, environmental impacts as a co-benefit were omitted as a category
in our analysis as there was a lack of agreement in the literature on the definition and scope
of this term. There appear to be two interpretations: either degradation of the FPV system
caused by environmental factors or the overall ecological damage (to aquatic ecosystems
specifically), attributable to FPV installation and operation. In the latter, a clarification
of terms would be helpful, as would field data on the effect of FPV systems on its host
environment. Concerns over plastic degradation’s effect on the host environment have led
to the exploration of alternate pontoon materials, including coconut trees [89].

Figure 4 is a summary of the FPV co-benefits reviewed in this paper, highlighting
which types are empirically confirmed, theoretically confirmed, or unclear.

4.7. Policy and Planning Implications

Consideration of EWF concerns by governments, utilities, and stakeholders in holistic
policy and planning efforts will help to identify new solutions to address competing
resource demands on EWF systems. FPV systems are one novel application that could
help to ease these pressures; however, taking proactive steps will help to ensure successful
deployment to realize these co-benefits. The co-benefits of stand-alone and hybridized FPV
systems have the potential to appeal to the needs and values of communities and power
systems worldwide.

Regions that have historically relied on hydropower generation and are now expe-
riencing increased demands for power and water resources could prioritize hybrid FPV
systems to diversify their fuel supplies and increase generation capacity, delaying the
need for further hydropower resource development. Additionally, incentivizing FPV de-
ployment on existing hydropower could help to increase performance while reducing
the need to expand existing dams or construct new dams, ultimately avoiding land and
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water resource conflicts. Development of hybrid FPV systems should, however, account
for climate change projections, the potential for water shortages, and impacts on reservoir
water levels.

Figure 4. Summary of FPV co-benefits, S = stand-alone, H = hybridized FPV.

Land-constrained countries with competing land use needs for agriculture, energy
generation, and housing might value the ability to site FPV in underused water bodies
located close to demand centers, reducing land acquisition costs and impacts on food sys-
tems while providing low-cost generation (such as in Japan). Incentivizing the deployment
of FPV systems in these areas could ease land use pressures while aligning with policies
for the provision of affordable, carbon-free electricity.

Harmonizing the policies and regulations that affect FPV system siting on water bodies
could be a first step in addressing these EWF nexus concerns while facilitating coordination
across often disconnected government decision-making bodies. Clear, complementary
incentives and restrictions for energy development, land use and agriculture, and water
resource management could help reduce barriers and risks for FPV deployment while
respecting the societal and ecosystem values of these systems. Overall, stand-alone FPV
systems have been shown to minimize the energy, water, and land trade-offs associated
with energy project development. The first FPV installation at Far Niente Winery was
installed on their wastewater pond to spare valuable wine-growing land, and a recent study
showed that deployment of FPV can spare 2.7 times the amount of land than would be used
for ground-mounted PV systems [51]. Hybrid systems can also effectively leverage existing
hydropower infrastructure and reduce—if not eliminate—land-related impacts. Because
FPV is often sited on underused water bodies, it does not place additional demands on
water resources that are needed for power generation, irrigation, drinking water, industry,
and buildings, or the environment. There are also examples of FPV being effectively
co-located with aquaculture [90,91].

Floating PV does have the potential to reduce the availability of water bodies for
recreational, ecosystem, and aesthetic purposes. None of the FPV-EWF nexus literature
reviewed in this study addressed the need to consider environmental justice and quantify
broader social and sustainability co-benefits and impacts of FPV systems even though this
is an area of increasing focus in the nexus literature [92]. Although broader social and
political change may be needed to address the complex interrelationships of the EWF nexus,



Sustainability 2021, 13, 4317 13 of 17

FPV systems show promise as a technology solution to address the competing demands
for EWF systems.

5. Conclusions

FPV systems are a promising, new solar technology application with potentially
numerous co-benefits in land-constrained and water-scarce regions. In this work, through
a deep literature review, we identified and consolidated the empirically supported and
unsupported co-benefits of FPV systems. Findings were summarized in a co-benefits table
(Table 2) and in Figure 4, highlighting empirically confirmed co-benefits as well as gaps in
the knowledge base. These identified research gaps, when addressed, could help justify
the adoption of FPV systems, reduce the risk associated with developing FPV projects, and
attract lower-cost capital and more investment in this new application of PV.

The empirically confirmed co-benefits include increased panel efficiency, reduced
land usage, and ease of installation. FPV panels can produce 5–11% more power than
comparable-located land-based PV because evaporative cooling reduces the operating
temperature of the panels. Similarly, our review confirmed that FPV systems use less
land and can be installed more quickly, densely, and modularly with less shading than
land-based PV systems. Other co-benefits have been theoretically studied or modeled but
do not have supporting empirical data. These include reduced evaporation and the power
system co-benefits of hydropower-FPV hybrids, such as improved power quality, reduced
curtailment, and the use of existing infrastructure.

For several proposed FPV co-benefits, neither theoretical nor empirical evidence were
found in our literature review. Water-related co-benefits are missing empirical evidence to
support claims of reduced algal growth and improved water quality. Additionally, panel
and pontoon degradation data were not found in publicly available literature, though field
data may exist. Further, additional research is needed on the potential climate change
impacts of stand-alone and hybrid FPV systems.

More data collection and research are needed on potential negative impacts of FPV
systems. These might include changes in the ecosystem caused by shading and the intro-
duction of floating structures, and the social and equity impacts of FPV systems competing
for access to multipurpose waterways.

Empirical data from the 500+ stand-alone FPV installations globally could help vali-
date these claimed co-benefits. FPV installations cover a wide variety of climatic zones and
designs, which can help create a robust data set to monitor FPV system performance. Coor-
dination and collaboration to carefully monitor water levels and algal growth would help
to quantify the water saving potential of FPV, including enlisting experts in water systems
to aid in these measurements. Monitoring could include plastic and metal degradation of
the pontoons, wiring, and panels to better understand the environmental impacts of FPV
systems on water bodies. The performance and resilience of FPV systems during storms is
another open area for research. As with all solar applications, if they are well designed and
properly installed, FPV systems can provide multiple synergistic co-benefits [38]; however,
gaps in empirical data and more information on the potential adverse impacts of FPV need
to be addressed to enable stakeholders to make well-informed and data-driven decisions.
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