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Decarbonization potential of floating solar 
photovoltaics on lakes worldwide

R. Iestyn Woolway    1 , Gang Zhao    2, Sofia Midauar Gondim Rocha    3, 
Stephen J. Thackeray    4 & Alona Armstrong3,5

As climate change progresses, there is increasing emphasis on net zero and 
energy system decarbonization. Several technologies are contributing 
to this agenda, but among these, the growth of solar photovoltaics has 
consistently exceeded all projections. With increasing land-use pressures, 
and the expense of building-mounted photovoltaics, water surfaces are 
increasingly being exploited to host these technologies. However, to 
date, we lack an understanding of the global potential of floating solar 
photovoltaics and, as such, we do not yet have sufficient insight to inform 
decisions on (in)appropriate areas for future deployment. Here we quantify 
the energy generation potential of floating solar photovoltaics on over  
1 million water bodies worldwide (14,906 TWh). Our analysis suggests that 
with a conservative 10% surface area coverage, floating solar photovoltaics 
could produce sufficient energy to contribute a considerable fraction  
(16%, on average) of the electricity demand of some countries, thus playing 
an important role in decarbonizing national economies.

Decarbonization of the global economy has become increasingly urgent 
as anthropogenic climate change progresses. Low carbon energy gen-
eration is fundamental to this decarbonization, and within this sphere, 
the growth of solar photovoltaics (PVs) has consistently exceeded 
all projections. Indeed, solar energy is predicted to be the dominant 
renewable energy source by 20501. This rapid growth is attributed to 
cost effectiveness, the global nature of the resource and flexibility  
in deployment. Deployment flexibility has enabled the installation 
of ground- or building-, and more recently, water-mounted or float-
ing systems2. Floating solar photovoltaics (FPVs), known colloqui-
ally as ‘floatovoltaics’, typically consist of an array of PV modules 
mounted upon a series of floats, moored into position on the surface 
of a water body. A growing body of evidence suggests that FPVs have 
several advantages over conventionally deployed PVs. For example, 
FPVs avert the need for land-use change where the alternative is a 
ground-mounted system; this is particularly beneficial in land-scarce 
countries and regions with high land prices3. Moreover, FPVs have 
also been shown to reduce evaporative losses, potentially providing 

vital water savings for drought-stricken areas4. Finally, FPV systems 
have lower temperatures, and thus higher efficiencies, compared with 
land-based systems5,6. These advantages have driven rapid deployment 
of FPVs around the world in recent years, particularly on artificial water 
bodies7,8. This growth is anticipated to continue, capitalizing on the 
estimated 5 million km2 of Earth’s surface area that is covered by lakes 
and reservoirs9. Such expansion could provide the potential for FPVs to 
meet a considerable proportion of current and future energy demands 
at local to regional scales7. However, to date, we lack an understanding 
of global FPV potential that moves beyond considerations of theoreti-
cal maximum capacity to take into account the impact of global varia-
tion in several important determining factors such as water body size 
and suitability, solar energy receipts, climatic conditions and energy  
demand. As such, we do not yet have sufficient insight to inform  
decisions on (in)appropriate areas for future deployment.

In this study, we quantify the energy generation potential of  
FPVs on over 1 million water bodies (>0.1 km2 in surface area) world-
wide, including both natural and artificial lakes and reservoirs 
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per year from a FPV and an indicator of economic viability, varied from 
a minimum of 10–15% in many European countries situated at latitudes 
above 48° N (for example, 12% in the United Kingdom) to more than 30% 
in the regions mentioned above with the highest power output (Sup-
plementary Fig. 4). Our calculations suggest clear seasonal patterns 
in the simulated capacity factor, for example, varying from less than 
7.5% to more than 20% across the Northern Hemisphere during boreal 
winter (December–February) and summer ( June–August), respectively 
(Supplementary Fig. 5).

Globally, we calculated a total theoretical annual power output of 
14,906 TWh across the ~1 million water bodies when considering a 10% 
surface coverage of FPV (up to 30 km2). In addition to being influenced 
by geographical variations in solar irradiance, the total power output 
from each water body will be influenced by the area of water available 
to host FPVs. Intuitively, larger water bodies can host larger FPV arrays 
given a specific percent area coverage. Following the methods outlined  
in ref. 13, here we reconstructed the monthly water surface area  
time series for each of the ~1 million water bodies from 1991 to 2020 
(Methods). Our analysis demonstrates clear geographical variations in  
water body surface area during the study period (Fig. 1b). We demon-
strate that some parts of the world are dominated by the presence of 
small water bodies (<0.5 km2), such as some regions in northwestern 
Canada, the western United States and eastern South America, whereas 
others are dominated by the presence of larger water bodies (>20 km2), 
such as the northeastern United States (Fig. 1b). By multiplying the 
power output of a single FPV with 10% of the water body surface area 

(Supplementary Fig. 1). Assuming a 1 kW FPV system, we simulated 
daily electricity outputs for each of the ~1 million water bodies using the  
Global Solar Energy Estimator (GSEE) tool10, based on climate input data  
from ERA5, the European Centre for Medium-Range Weather Forecasts’  
fifth generation atmospheric reanalysis of the global climate11  
(Methods). We then calculated the total annual power output for each 
water body by multiplying the 1 kW FPV annual power output by an 
area equivalent to 10% of the median surface area of each water body 
during the study period (1991–2020) (Methods). Although the percent 
surface coverage of FPVs can vary widely across host water bodies, with 
literature values ranging from less than 1% to more than 90% (ref. 12), 
we follow a conservative approach and consider 10% coverage (up to 
30 km2; Methods) for all sites7.

The theoretical global potential for FPVs
Considering a 1 kW FPV, we calculated a total global annual power out-
put of 1,301 GWh (Fig. 1a) across the ~1 million water bodies. There were  
clear spatial patterns in power output, at both annual and monthly time-
scales (Fig. 1 and Supplementary Fig. 2, respectively), largely reflecting 
geographical variations in solar irradiance due to differences in latitude, 
altitude and cloud cover (Supplementary Fig. 3). The simulated annual 
power output varied, per water body, from less than 1,250 kWh in, for 
example, northern Europe, to more than 2,500 kWh in regions such 
as the western United States, the Andean Mountains in South America 
and the Qinghai–Tibet Plateau in Asia (Fig. 1). Moreover, the simulated 
annual capacity factor, which is the proportion of maximum capacity 
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Fig. 1 | Global variations in theoretical FPV power outputs and water body 
surface area. a,b, Shown, for each of the >1 million water bodies considered 
in this study, are the calculated annual power output of a 1 kW FPV system, 
calculated from GSEE (Methods) (a) and the median surface area (km2) (b). The 
power output from a 1 kW FPV was initially calculated at hourly intervals and then 

summed annually. These summaries represent the average annual sum over the 
period 1991–2020. The median surface area for each water body was calculated 
from monthly reconstructions that were based on a satellite-derived water 
surface area time series.
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(up to 30 km2), we estimate a theoretical total power output for each 
of the ~1 million water bodies considered in this study (Fig. 2). Our 
simulations demonstrate considerable differences in the total theo-
retical annual power output by FPV, which differ by several orders of 
magnitude worldwide (Fig. 2).

Water body constraints on global FPV potential
The theoretical global analysis described above considered that all 
~1 million water bodies included in our dataset were suitable to host 
FPVs. However, there are several factors that must be considered when 
selecting appropriate water bodies for this renewable energy technol-
ogy (Fig. 3). The key constraints we include for a water body are (1) it 
is located within 10 km of a population centre; (2) it is not situated 
within a protected area; (3) the duration of ice cover is less than six 
months and (4) the water body has not dried up during the study period 

(for example, Supplementary Fig. 6) (Methods). After selecting sites 
that we considered suitable to host FPVs based on these constraints, 
a total of 67,893 water bodies remained in our global dataset (that is, 
94% of the studied water bodies were unsuitable according to our  
criteria). For each of the water bodies that remained, we re-calculated 
the total power output from FPV. Specifically, by applying a similar 
approach to our theoretical global analysis, we considered a 1 kW FPV 
and calculated the total annual power output from each water body 
assuming a 10% surface cover (up to 30 km2). Globally, we estimated a 
total annual power output of 1,302 TWh across all 67,893 water bodies.  
A considerable fraction of the global power output from FPV would be 
generated from water bodies located within specific countries (Sup-
plementary Table 1), including large ones such as China (252 TWh), 
Brazil (170 TWh) and the United States (153 TWh). However, we also find 
that some comparatively smaller countries can produce a considerable 
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Fig. 3 | Water body constraints on global FPV potential. Shown are the location 
of each water body that we consider unfeasible for FPV deployment. The water 
body constraints that we consider in this study include the distance from each 
water body to a population centre (>10 km), water bodies that are situated inside 
protected areas, when the annual fraction of ice cover exceeds 50% (that is, the 
typical annual ice cover fraction from 1991 to 2020) and those that have dried 
up during the study period. Note that some lakes meet the criteria for more than 

one constraint, for example, those situated within a protected area and outside a 
population centre. Thus, the values shown in the legend do not add up to the total 
number of water bodies included in this study. To best visualize these results, 
we shifted the latitude and longitude of water bodies randomly by ±0.05° when 
plotting the different constraints. However, some points on the map are still 
overlapping.
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amount of electricity from FPV. For example, the country with the 12th 
largest estimated total power output from FPV, within this feasibility 
study, was Papua New Guinea (19 TWh), which is not only located near 
the equator where solar irradiance is high (Supplementary Fig. 3) but is 
also home to some large water bodies, such as Lake Murray (647 km2) 
and Lake Kutubu (49 km2).

Potential for FPV to decarbonize national 
economies
Our estimates suggest that FPV could play an important role in meet-
ing the energy demands of several countries and aid in decarbonizing 
the economy. By summarizing our results at the country level, we 
provide estimates of national-scale total FPV power outputs worldwide 
(Fig. 4a) and calculate the percentage of national electricity demand 
it would meet (Fig. 4b and Supplementary Fig. 7). We estimate that 
if all water bodies that we consider feasible have 10% of their surface 
area covered by FPVs (up to 30 km2), a few countries considered in 
this study (approximately 3%) could meet their energy demand via 
this renewable energy technology (Supplementary Table 1). For some 
countries, for example, Bolivia, FPV production (9 TWh) almost meets 
demand (11 TWh in 2021), whereas in others it either exceeds, for exam-
ple, Ethiopia (129% of electricity demand from FPV), or falls short 
but still makes a valuable contribution, for example, Finland (17% of 
electricity demand from FPV). However, for some nations, there is 
limited potential suggesting it is not a viable means to decarbonize 
the economy but can still provide a valuable source of renewable 
energy. On average, across all countries, the percent of electricity 
demand that could be met by FPV is 16% (Supplementary Table 1). 
Moreover, our analysis suggests that the countries with the greatest 
total power output from FPVs are typically those with the greatest 
electricity demand (Fig. 4c).

The decarbonization potential of FPV could be especially impor-
tant for national economies currently powered by high carbon intensity 
electricity (Supplementary Fig. 8). We find that some of the countries 
with high FPV potential, such as China, also have a high carbon intensity 
of electricity (544 g CO2e (Carbon dioxide equivalent) in 2021). Crucially,  
FPV could also increase access to electricity to communities in some 
nations (Supplementary Fig. 9). For example, in Chad or Malawi, where 
the installation of FPVs in selected water bodies could contribute 
substantially to national electricity demand (73% and 29%, respec-
tively); approximately one-tenth of the population of these countries 
do not have access to electricity (Supplementary Table 1). Thus, as a 
low carbon source of electricity, FPV could be a useful tool to provide 
electricity to these regions and others. However, it is also important 
to note that in many regions (for example, sub-Saharan Africa), it is 
not simply a question of electricity supply but also connection, which 
can be difficult. We also calculated the potential reduction in total 
CO2 emissions, which could be achieved following the deployment of 
FPV in each country (Methods). By replacing a percentage of the total 
electricity demand with what could be met by FPV and considering their 
own estimated carbon intensity, we calculated variable reductions in 
national CO2 emissions (Supplementary Fig. 10 and Supplementary 
Table 1). For example, we estimated an annual (in 2021) decrease of 
0.13 billion tonnes of CO2 in China and 0.05 billion tonnes of CO2 in the 
United States, two of the world’s largest emitters in 2021, despite FPVs 
meeting only 3% and 4% of energy demand. Globally, the deployment 
of FPVs could lead to a total annual reduction of 0.45 billion tonnes  
of CO2 (in 2021). However, we also find that in some countries where 
the carbon intensity of electricity is already very low (for example, 
Paraguay ≈ 25 g CO2 kWh−1), our calculations suggest a negative impact 
of FPV on total CO2 emissions (that is, leading to higher CO2). Addition-
ally, for nations whose energy supply is dominated by hydro and wind, 
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Fig. 4 | National-scale summaries of FPV potential and water loss via 
evaporation. a,b, Shown are the simulated total annual power output when 10% 
of the surface area of all suitable water bodies are occupied by FPV (a) and the 

percentage of total electricity demand met by FPV in each country (b). c, The 
relationship among the power output by FPV, electricity demand and sum of 
water loss via evaporation per country. d, Water loss via evaporation per country.
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FPVs may increase CO2 emissions given PVsʼ higher carbon intensity. 
However, as with any estimates relating to a relatively new technol-
ogy, we are aware that FPV is still maturing, with limited studies on the 
embedded carbon intensity (Methods), and these could be misleading 
given local conditions and design variations that will influence their car-
bon intensity. There are also unknown impacts of FPVs on water body 
carbon cycling and their knock-on impacts on, among other things, CO2 
emissions from water bodies. Lastly, the total reduction in CO2 emis-
sions that we calculated are influenced by the water body constraints 
that we previously defined. These estimates can vary depending  
on the number of water bodies included in any national-scale or  
global analysis.

Whereas our numerical modelling approach provides impor-
tant new insights on FPV potential worldwide, it is important to con-
sider that our chosen thresholds for key constraining factors could 
be defined differently depending on specific use cases. We therefore 
encourage those interested in assessing local–regional potential to 
modify the thresholds we imposed using the information that we 
provide (Data availability).

Potential for FPV to reduce water scarcity
Water is a critical resource, underpinning the provision of many eco-
system services required by society. However, in some regions supply 
is increasingly scarce given demand and the impact of climate change. 
FPV technologies have the potential to reduce water scarcity mitigating 
water loss via evaporation, which is accelerating globally under climate 
change13–16. Indeed, FPV systems are emerging as a potential mitigation 
strategy for water scarcity by reducing evaporative water loss from 
reservoirs and lakes in many parts of the world4,17–22, corroborated by 
numerous studies. FPVs probably exert a dual influence on evapora-
tion rates. First, they create a shading effect, decreasing water surface 
temperature and consequently suppressing the vapour pressure gradi-
ent at the air–water interface, a key driver of latent heat fluxes and, in 
turn, evaporation23–25. Second, FPVs may act as wind barriers, further 
dampening evaporative losses, as wind speed is positively correlated 
with evaporation rates26,27. The deployment of FPVs has the potential to 
reduce evaporative water loss, thereby contributing to the maintenance 
of water levels in water bodies and alleviating pressure on freshwater 
resources. To ensure a comprehensive evaluation, potential trade-offs 
and feedback loops must be considered. This also includes the influ-
ence of FPVs on local microclimates, an effect observed in land-based 
systems28,29 and potentially applicable to large-scale FPV deployments. 
Following the methods of ref. 13, we estimated the total water loss via 
evaporation in each of the studied water bodies during the study period 
(Supplementary Fig. 11), and for each country, we calculated the total 
evaporative water loss. For example, the total annual water loss via 
evaporation in all studied water bodies in Canada and the United States 
was 230 km3 and 221 km3, respectively (Fig. 4d). These are more than 
two orders of magnitude greater than calculated for many European, 
African and Asian countries. Moreover, we compare the geographical 
patterns in total evaporation volume and the total power output from 
FPV (Fig. 4c). We find that the countries with the greatest potential 
for FPV (that is, in terms of the power generated) are also those that 
experience the highest evaporative losses (Fig. 4c,d). Furthermore, in 
countries where the total volume of water lost via evaporation is low, 
including many central European countries, the total power output 
by FPV (and the percent of energy demand that FPVs can produce) is 
also comparatively little. This quantitative analysis thus highlights the 
combined benefit of installing FPVs in these countries, that is, to both 
help meet electricity demand and address water scarcity.

Furthermore, recent studies have suggested that FPVs could help 
mitigate the occurrence of algal blooms30,31, which have increased in 
many32, but not all33–36, inland water bodies in recent decades. This has 
implications for water availability and ecosystem function, as algal 
blooms are among some of the main causes of poor water quality and 

can lead to serious health issues37–42. FPVs present a promising approach 
to water quality management, particularly in addressing algal bloom 
dynamics. These systems create a shading effect that directly reduces 
light availability, a critical factor limiting the growth of algae, which 
are predominantly photosynthetic organisms. Additionally, FPVs have 
the potential to disrupt water circulation patterns within the aquatic 
environment, thereby altering nutrient dynamics and influencing the 
availability of essential nutrients necessary for algal proliferation43–45. 
Whereas the precise magnitude of algal bloom reduction attributed 
to FPVs requires further investigation, initial studies suggest a com-
pelling avenue for future research46–48. Quantifying the percentage 
reduction in algal blooms across a range of water body types and  
algal communities will be essential to ascertain the efficacy of FPVs 
as a water quality management tool. Such efforts hold promise  
in advancing our understanding of FPV-mediated interventions in 
aquatic ecosystems and their role in promoting sustainable water 
resource management practices.

By exploring the satellite-derived global algal bloom dataset of  
ref. 32, which includes information on algal bloom occurrence in 
236,913 water bodies worldwide, we investigated the frequency of algal 
blooms during the study period (Supplementary Fig. 12a). Specifically, 
we calculated the percentage of water bodies with available data in each 
country that experienced an algal bloom (Supplementary Fig. 12b) and 
how frequently they have occurred (Supplementary Fig. 12c). Moreo-
ver, we compared the geographical patterns in algal bloom frequency 
with the total power output from FPV (Supplementary Table 1). We find 
no clear relationship between countries with the greatest potential for 
FPV (that is, in terms of the power generated) and those that experience 
the highest frequency of algal blooms (Supplementary Table 1). How-
ever, for some countries, FPV could be beneficial in terms of mitigat-
ing negative impacts of algal blooms. Using an algal bloom frequency 
of greater than 10% as a threshold (10% is considered high following  
ref. 32), there are many countries/water bodies that could benefit from 
FPV installation, with several also notably benefiting from the electric-
ity production. For example, in Argentina where the installation of FPV 
in selected water bodies could produce sufficient energy to meet 45% 
(67 TWh) of the national electricity demand (149 TWh in 2021), the 
percentage of sites with available data that experience algal blooms is 
11%. Similarly, during the same time period, 17% of water bodies with 
available data in Brazil have experienced an algal bloom, while also 
providing the potential to meet one quarter (170 TWh) of the electricity 
demand (686 TWh in 2021) of the country. Moreover, in Portugal where 
FPV could contribute over 3% of electricity demand, 30% of sites with 
available data have experienced algal blooms, the average frequency 
of which is 11%. Other country-level summaries are provided in Sup-
plementary Table 1. However, we note that more research is needed to 
develop a mechanistic understanding of FPV impacts on algal blooms.

Benefits, risks and unknowns of FPV deployment
FPV can provide higher power outputs while reducing land-use pressure 
and water scarcity when compared to other means of PV deployment. 
Moreover, our global estimate of FPV potential demonstrates the elec-
tricity supply benefit of this renewable energy technology. However, 
we lack a great deal of essential knowledge of the most likely impacts 
of FPV on hosting water bodies30,31,43,49–53. FPV could alter physical, bio-
logical and chemical states and processes within lakes and reservoirs, 
but it is challenging to forecast emergent ecosystem-level effects that 
arise from complex interactions within each water body and to then 
make generalizable predictions54. Nevertheless, existing site-specific 
studies, including those focusing on natural water surface coverings 
(for example, ice and floating-leaved vegetation), allow us to make 
tentative inferences of some of the probable impacts, which should 
be considered before a wider uptake of FPV.

Ecosystem impacts of FPV will be largely mediated through  
effects on physical states and processes54. Specifically, installations will  
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(1) reduce the amount of solar radiation reaching the water surface and 
(2) shelter the water body from the wind. These changes would have 
opposing effects on surface temperature, vertical mixing and therefore 
water body thermal structure. Consequently, it is currently unclear 
whether FPV will increase or decrease surface water temperature and 
water body mixing. These uncertainties over the physical effects of 
FPVs are of concern, given their regulation of biogeochemical cycles 
linked to eutrophication and ecosystem states and processes. Indeed, 
the installation of FPV is likely to have effects that cascade through 
the whole ecosystem, but unless the implications for physical attrib-
utes are resolved, there will be uncertainties over the direction and 
magnitude of broader responses. For example, water temperature 
and stratification influence dissolved oxygen concentrations in deep 
waters55, with cascading effects on nutrient release from sediments56,57 
and subsequent phytoplankton growth, the production of greenhouse 
gases such as methane58,59 and nitrogen cycling60. Through shading, we 
would also expect FPV to impact upon the growth and composition of 
phytoplankton communities with knock-on impacts on the aquatic 
food web31,47,48,61.

Advancements in understanding of the complex impacts of FPVs 
on their host water bodies are mainly developed through modelling 
studies, either via mesocosm experiments46,47,61–64 or computational 
assessments18–22,48,65. Most research to date focuses on the potential 
water savings that come from FPV deployment depending on the sur-
face coverage. Far fewer assessments of hydrodynamic or water quality 
impacts exist. We must rapidly accelerate knowledge of these physical 
and biogeochemical impacts to ensure that the pathway to decar-
bonization continues while minimizing concomitant environmental 
impacts and that low carbon electricity generation is not exploited at 
the cost of other essential ecosystem services that fresh waters pro-
vide to society (biodiversity, drinking water, fisheries, hydropower, 
irrigation of crops).

It is imperative to carefully consider the ecological implications 
and trade-offs associated with each potential FPV deployment. Whereas 
FPV presents a promising avenue for decarbonization, its deployment 
on natural lakes could pose considerable risks to freshwater ecosystems 
and native biodiversity, which is increasingly at risk from external 
pressures66,67. As such, any proposal to utilize natural lakes for FPV 
installations must be accompanied by comprehensive environmental 
and ecological impact assessments, stakeholder consultations and 
adherence to robust regulatory frameworks. Moreover, given the 
sensitivity of pristine natural lakes and the potential for irreversible 
ecological damage, caution must be exercised in targeting such eco-
systems for FPV deployment. Future research efforts should prioritize 
investigating and building a predictive understanding of the ecological 
consequences of FPV on freshwater systems, and this knowledge must 
be used to develop strategies to mitigate potential negative impacts 
while maximizing the co-benefits of this technology. By integrating 
environmental considerations into decision-making processes and 
adopting a precautionary approach, we can ensure that FPV deploy-
ment on natural lakes contributes to sustainable development goals 
while safeguarding freshwater ecosystems for future generations. In 
addition, whereas our analysis removed lakes within protected areas, it 
is important to recognize that thousands of critically important natural 
lakes exist in areas that are not formally categorized as protected. These 
ecosystems are often vulnerable to anthropogenic disturbances and 
face increasing pressures from various human activities, including 
infrastructure development. Therefore, any proposal to deploy FPV on 
natural lakes must consider the unique ecological characteristics and 
conservation status of each site and seek to minimize impacts through 
design decisions and mitigation measures, even if those sites are not 
within formally designated protected areas. This underscores the need 
for a nuanced approach that balances the potential benefits of FPV 
deployment with the imperative to preserve the ecological integrity 
of freshwater ecosystems.

Pathway to judicious FPV deployment
Considering the concerns described above regarding the potential 
environmental impacts of installing FPVs, developing modelling 
capabilities and decision support tools to guide deployment location 
(both between and within water bodies), FPV design and extent and any 
desirable management (that is, water body mixing or aerating) would 
promote sustainable deployment of FPV. Without such capabilities it 
might be desirable to begin this transition to low carbon energy gen-
eration by focusing on artificially created water bodies7,8. One could 
argue that there might be greater environmental concerns associated 
with natural water bodies than artificial ones and, as the latter are often 
already managed, installing FPVs is likely to be more straightforward 
because of the presence of existing infrastructure68. Moreover, it is 
critical to consider societal values of potential deployment sites, as 
for all renewable energy infrastructure63.

From a technical standpoint, installing FPV on hydroelectric reser-
voirs can optimize energy efficiency and improve system reliability50,69. 
Integrated hydroelectric–FPV systems may also lessen the environ-
mental and social impacts of standalone hydroelectric operation70 
providing synergistic benefits to the water–food–energy nexus69. 
However, it is important to consider that whereas some infrastructure 
is already in place in hydroelectric reservoirs, they might already be 
operating at full operational capacity, meaning that systems will need 
to be updated to receive additional power from FPV. Another important 
technological consideration for the installation of FPVs, not only in 
artificial reservoirs but also in natural lakes worldwide, is the material 
required to support a wider uptake of renewable energy technology71 
and the need to transport those materials to specific water bodies, 
which can be problematic. We also note that the potential biodiversity 
value of artificial water bodies72 means that plans to develop FPVs on 
anthropogenic fresh waters do not obviate the need for thorough 
consideration of ecological impacts.

Methods
Study sites
In this project, we investigated the FPV potential of over 1 million 
(1,050,251) globally distributed water bodies (>0.1 km2 in surface 
area), the location (and shapefiles) of which were extracted from the 
HydroLAKES database73. This global dataset of water body characteris-
tics also includes information on 6,673 reservoirs based on the Global 
Reservoir and Dam database74.

Global simulation of FPV power output
For each of the ~1 million water bodies investigated in this study, we 
used the Global Solar Energy Estimator (GSEE)10 to simulate the PV 
power output at hourly resolution from 1991 to 2020. GSEE requires as 
input specific information on the PV modules, including their capacity 
and tilt angle and hourly data for solar irradiance (direct and diffuse) 
and air temperature. In this project, climate data were downloaded 
from the ERA5 (available at 0.25° longitude–latitude resolution) rea-
nalysis product11. Notably, the grid cell climate forcing from ERA5 was 
used to represent conditions for a specific lake location within the 
global simulations. In this study, we assumed that the FPV had a capacity 
of 1 kW, and we set the tilt angle to the latitude of the water body when 
situated between 0° and 15° N/S and to 15° elsewhere. This follows the 
recommendation of the World Bank FPV practitioner’s handbook75, 
resulting in high-density arrangements. Higher tilt angles are gener-
ally not deployed in FPV settings due to concerns about wind loading, 
shading that would occur from densely packed panels and increased 
material costs that would rise from installing at higher angles. We 
also assumed fixed-tilt rigging, which is reasonable for a global-scale 
assessment. FPVs can also be one- or two-axis tracking, which intuitively 
would result in greater power output. Thus, here we follow a con-
servative approach, and the current most popular deployment means, 
and assume fixed FPVs. Considering that FPVs are up to 10% more 

http://www.nature.com/natwater


Nature Water | Volume 2 | June 2024 | 566–576 572

Article https://doi.org/10.1038/s44221-024-00251-4

efficient than land-based solar PV5,6,76–78, for which GSEE was developed, 
we adjusted the GSEE outputs accordingly. However, the efficiency 
increases of FPVs compared with land-based ones can be higher51. Once 
we simulated the power output for a 1 kW FPV in each water body, we 
then upscaled these estimates based on a surface area that was equal 
to 10% of the water body surface area (below). Specifically, by assum-
ing an FPV footprint of 10 m2 kW−1, we could estimate how many panels 
could be installed per lake to occupy 10% of the water surface area  
(up to 30 km2; below) and multiply our annual power output accord-
ingly. A footprint of 10 m2 kW−1 was selected as it can be scaled with ease  
and the footprints of six sampled FPV systems (Queen Elizabeth II, 
United Kingdom; Langthwaite Reservoir, United Kingdom, and four 
US systems detailed in ref. 3) ranged from 7.2 to 15.3 m2 kW−1. Whereas 
FPVs can be deployed at a range of coverage depending on, among 
other things, the design of the FPV (for example, tilt angle) and the rated 
capacity of the installation, here we follow a conservative approach and 
consider 10% coverage for all sites. We highlight that PV power outputs 
from GSEE using reanalysis input data have been validated previously 
against metered time series from more than 1,000 PVs10. We also con-
sidered the potential technical constraints related to the total size 
of an FPV array. In this study, we follow ref. 8 and impose a maximum 
coverage area of any one system to 30 km2. This threshold is based 
on one of the largest FPV systems in the world, which is located at the  
Saemangeum site in the Yellow Sea off Korea79. We do note, however, that 
there is the potential for larger systems, such as the Bhadla Solar Park 
located in the Thar Desert of Rajasthan, India, which covers an area of 
56 km2 and has a total installed capacity of 2,245 MW. We anticipate that 
the maximum footprint of these systems will also increase in the future.

Water body constraints on FPV
There are several factors that must be considered when selecting appro-
priate water bodies for this renewable energy technology. The key 
constraints that we considered in our study included (1) it is located 
within 10 km of a population centre; (2) it is not situated within a pro-
tected area; (3) the duration of ice cover is less than six months and  
(4) the water body has not dried up during the study period. The dis-
tance to the population centre has been selected as a distance for 
which it is likely to lay a transmission line, either to the load centre or to 
connect to a grid via more proximal existing transmission lines. Some 
previous national-scale studies have considered 80 km from a transmis-
sion line as a feasible distance for deploying FPVs12. Thus, we consider 
our analysis conservative in terms of the number of lakes included in 
our feasibility study. The presence of ice can make it difficult to not 
only install FPV but can also damage FPV installations by influencing 
buoyancy and overall load, that is, ice can be detrimental for FPV by 
imposing high loads on the mooring system. Extremely cold areas 
are also often accompanied by high snow loads, reducing electricity 
generation if the array is covered and special anchoring materials and 
higher project cost compared to conventional FPV projects. In terms 
of variations in water body surface area and, in turn, water depth, water 
bodies that dry up could be considered unfavourable given additional 
costs associated with mooring/anchorage— as suggested in the World 
Bank FPV practitioner’s handbook75—and the reduced efficiency of 
FPVs when they are not displaced on water. Critically, there is a poten-
tial issue of FPVs becoming stranded if a shallow water body dries up 
temporarily, as can occur in many water bodies worldwide1. However, 
with all these constraints, their global applicability will depend on 
local specifics. For example, it may be cost effective to connect a very 
large FPV system to a transmission line or load centre >10 km away. 
Moreover, any increased costs associated with greater transmission 
distances, cold environments and variable water surface areas need to 
be placed in the context of alternative sources of low carbon electricity. 
Thus, whereas our study outlines key constraints and selection criteria 
for identifying suitable water bodies, we acknowledge that the global 
applicability of these criteria is contingent upon local specifics and 

associated costs. Factors such as local climate conditions, regulatory 
frameworks, economic feasibility, environmental impacts and social 
acceptance all play important roles in determining the feasibility and 
success of FPV projects. Recognizing this complexity, we advocate for 
a comprehensive analysis that integrates technical, economic, envi-
ronmental and social dimensions into the decision-making process. 
We provide the calculated FPV outputs for each of the ~1 million water 
bodies included in this study, allowing the water body constraints 
described above to be modified according to user requirements (Data 
availability). In turn, the results that we present in our feasibility study, 
which are based largely on our own evaluation and experience, will 
differ if these constraints are altered.

Water body surface area
To calculate the surface area of each water body in this study  
(1991–2020), we followed the methods outlined in ref. 13. In brief,  
we reconstructed the monthly water surface area time series for the 
>1 million lakes based on a combination of the dynamic Landsat-based 
global surface water (GSW) dataset80 and the static HydroLAKES shape-
files73. For each month and each water body, the water classification 
map from the GSW dataset is extracted within the defined boundary 
of the HydroLAKES shapefiles. However, such water classification 
maps are frequently contaminated by cloud cover, cloud shadow and  
sensor failure, leading to large data gaps. Here we adopted the auto-
matic image enhancement algorithm from ref. 13, which detects the 
‘observable’ water edge and extends it to the ‘contaminated’ area 
according to the water occurrence image, to create the complete water 
surface (Supplementary Fig. 13). Then the surface area time series at a 
monthly time step from 1991 to 2020 for each lake is constructed. For 
new reservoirs that were built after 1991, we calculated surface area 
variations from five years after the construction year.

Information on electricity demand, carbon intensity of 
electricity and electricity access
We downloaded information on national-scale annual electricity 
demand, carbon intensity of electricity and the percentage of the popu-
lation that has access to it from ref. 81. Electricity demand is described 
as total electricity generation, adjusted for electricity imports and 
exports. Carbon intensity is measured in grams of carbon dioxide 
equivalents emitted per kilowatt-hour of electricity. Access to elec-
tricity is defined as having an electricity source that can provide very 
basic lighting and charge a phone or power a radio for 4 hours per day. 
For each of these metrics, we used the latest annual information avail-
able. This includes data from 2021 for both annual electricity demand 
and its carbon intensity and data from 2020 for electricity access. 
For consistency, we do not include data from different years when 
investigating global patterns in each metric. For example, in terms of 
energy demand, some countries (for example, Albania, Iceland) did 
not have information for 2021 (only 2020) and thus were not included 
in the analysis.

We also calculated the potential reduction in total CO2 emissions 
following the deployment of FPV. To achieve this, we first calculated 
the total annual CO2 emissions per country by multiplying the electric-
ity demand with its carbon intensity81. We then calculated the total 
annual CO2 emissions that would be reduced if a percentage of the total 
energy demand was met by FPV, that is, if they were deployed on the 
water bodies that we considered feasible. There is no definitive carbon 
intensity value for FPV given the relative immaturity of the deployment 
means and variations due to design, location and where components 
are sourced from. Consequently, we used the IPCC (Intergovernmental 
Panel on Climate Change) life-cycle CO2e emissions per kWh produced 
by rooftop PVs, which are approximately 41 g CO2 kWh−1 (ref. 82), to 
estimate the total annual CO2 emissions associated with FPVs. Using 
these estimates, we calculated the potential reduction in total CO2 
emissions in each country (Supplementary Table 1).
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Proximity of water body to a population centre
When selecting a water body suitable for FPVs, we considered their 
proximity to a population centre, which we use in this study as a proxy 
for distance to a transmission line or a load centre. Specifically, we 
only considered water bodies that were located within 10 km of a 
population centre as feasible for the installation of FPV. Here we define 
a population centre as a region with a population of at least 1,000 
people and a population density of ≥400 people per square kilometre. 
Population data were extracted from the Socioeconomic Data and 
Applications Center83, available at a 30 arcsecond spatial resolution. 
Lakes situated within 10 km of a population centre were considered 
suitable for FPV.

Protected areas
Information on the location of protected areas was extracted from the 
World Database on Protected Areas84. In this study, we considered a 
water body to be located within a protected area where the water body 
polygon intersected with a protected area polygon. However, this is a 
conservative approach to accounting for ecological impact, as many 
fresh waters with great biodiversity value exist outside of the current 
protected area network85.

Water loss by evaporation
To estimate the volume of water lost via evaporation in each of our 
studied sites, we followed the methods outlined in ref. 86. Specifically, 
the monthly evaporation rate was calculated for each lake using the 
Penman equation by considering the heat storage effect (equation (1)). 
We used the average evaporation rate derived based on three mete-
orological forcing datasets (that is, TerraClimate, ERA5 and GLDAS) 
to take account of forcing data uncertainty. The evaporation rate was 
estimated as:

E = (Δ(Rn − G) + γf(u)(es − ea))/(λv(Δ + γ)) (1)

where E is the open water evaporation rate (mm d−1); ∆ is the slope of 
the saturation vapour pressure curve (kPa °C−1); Rn is the net radiation 
(MJ m−2 d−1); G is the heat storage change of the water body (MJ m−2 d−1); 
γ is the psychrometric constant (kPa °C−1); f(u) is the wind function and 
is equal to λv (2.33 + 1.65 u)Lf

−0.1 (MJ m−2 d−1 kPa−1); Lf is the average lake 
fetch at the wind direction (m); es is the saturated vapour pressure 
at air temperature (kPa); ea is the air vapour pressure (kPa); and λv is 
the latent heat of vapourization (MJ kg−1). Then the volumetric water 
losses via evaporation for each lake were estimated by multiplying the 
evaporation rate and the water body surface area.

Ice cover duration
To determine the duration of ice cover in each of the studied water 
bodies, we used an air temperature-based approach13. Instead of the 
simple 0 °C isothermal approach, we specifically modelled (1) the 
freeze time lag, which is the time difference between the date when 
the air temperature drops to zero and the lake freezing date and (2) the 
thaw time lag which is the time difference between the date when the air 
temperature rises back to zero and the lake thaw date (Supplementary 
Fig. 14). The freeze time lag is caused by the higher specific heat capac-
ity of water than air and thus water temperature cools at a slower rate 
than the air temperature, whereas the thaw time lag is caused by the 
thickness of lake ice that has been accumulated during the previous 
winter. Considering both time lags, the total ice cover duration for a 
lake (Dice) is calculated following equation (2)

Dice = Dtotal − Lagfreeze + Lagthaw (2)

where Dice is the lake ice duration in days for each month; Dtotal is the total 
lake ice duration in days for each month based on the 0 °C isothermal 
approach; Lagfreeze is freeze lag in days; and Lagthaw is the thaw lag in days.

Algal bloom occurrence
To investigate the occurrence and frequency of algal blooms in water 
bodies worldwide, we explored the satellite-derived global bloom 
dataset of ref. 32. Approximately 17% of the ~1 million water bodies 
investigated in this study (n = 236,913) were included in the global 
bloom dataset, with the remainder considered unfeasible, primar-
ily due to relatively high uncertainty in algal bloom detection via 
Landsat imagery32. For the water bodies considered suitable, ref. 32 
investigated data related to the occurrence frequency of algal blooms, 
defined as the ratio between the number of detected algal blooms to 
the number of valid satellite observations within the period of interest 
(1982–2019). In this study, we used this dataset to calculate two key 
metrics: (1) the percentage of lakes within a country that have expe-
rienced at least one algal bloom and (2) in lakes where algal blooms 
have been observed, we calculate a country-level average frequency 
of occurrence.

Data availability
ERA5 solar radiation and air temperature data used in this study are 
available at https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-single-levels?tab=overview. Outputs from the Global 
Solar Energy Estimator for each of the studied lakes are available via 
Figshare (ref. 87).

Code availability
Code used to run the Global Solar Energy Estimator is available via 
Github at https://github.com/gzhaowater/fpvGSEE.
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