
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/344455036

The Land Sparing, Water Surface Use Efficiency, and Water Surface

Transformation of Floating Photovoltaic Solar Energy Installations

Article  in  Sustainability · October 2020

DOI: 10.3390/su12198154

CITATIONS

47
READS

953

7 authors, including:

Alexander Cagle

University of California, Davis

8 PUBLICATIONS   146 CITATIONS   

SEE PROFILE

Steven M. Grodsky

University of California, Davis

53 PUBLICATIONS   999 CITATIONS   

SEE PROFILE

Rebecca R. Hernandez

University of California, Davis

71 PUBLICATIONS   2,494 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Rebecca R. Hernandez on 02 October 2020.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/344455036_The_Land_Sparing_Water_Surface_Use_Efficiency_and_Water_Surface_Transformation_of_Floating_Photovoltaic_Solar_Energy_Installations?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/344455036_The_Land_Sparing_Water_Surface_Use_Efficiency_and_Water_Surface_Transformation_of_Floating_Photovoltaic_Solar_Energy_Installations?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexander-Cagle?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexander-Cagle?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_California_Davis?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alexander-Cagle?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Steven-Grodsky-2?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Steven-Grodsky-2?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_California_Davis?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Steven-Grodsky-2?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rebecca-Hernandez-8?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rebecca-Hernandez-8?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_California_Davis?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rebecca-Hernandez-8?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rebecca-Hernandez-8?enrichId=rgreq-f18ab9d92c16d426a12a44627a97c08a-XXX&enrichSource=Y292ZXJQYWdlOzM0NDQ1NTAzNjtBUzo5NDIyNTk5MTA0NzU3NzdAMTYwMTY2MzY3NzM3OQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


 

Sustainability 2020, 12, 8154; doi:10.3390/su12198154 www.mdpi.com/journal/sustainability 

Article 

The Land Sparing, Water Surface Use Efficiency, and 

Water Surface Transformation of Floating 

Photovoltaic Solar Energy Installations 

Alexander E. Cagle 1,2,*, Alona Armstrong 2,3, Giles Exley 3, Steven M. Grodsky 1,2,  

Jordan Macknick 4, John Sherwin 5 and Rebecca R. Hernandez 1,2 

1 Department of Land, Air and Water Resources, UC Davis, Davis, CA 95616, USA;  

smgrodsky@ucdavis.edu (S.M.G.); rrhernandez@ucdavis.edu (R.R.H.) 
2 Wild Energy Initiative, John Muir Institute of the Environment, UC Davis, CA 95616, USA 
3 Lancaster Environment Centre, Lancaster University, Lancaster, LA1 4YQ, UK; 

a.armstrong@lancaster.ac.uk (A.A.); g.exley@lancaster.ac.uk (G.E.) 
4 Scientific Computing and Energy Analysis, National Renewable Energy Laboratory,  

Golden, CO 80401, USA; Jordan.macknick@nrel.gov 
5 Florida Solar Energy Center, University of Central Florida, Orlando, FL 32922, USA; john@fsec.ucf.edu 

* Correspondence: aecagle@ucdavis.edu 

Received: 4 September 2020; Accepted: 28 September 2020; Published: 2 October 2020 

Abstract: Floating photovoltaic solar energy installations (FPVs) represent a new type of water 

surface use, potentially sparing land needed for agriculture and conservation. However, 

standardized metrics for the land sparing and resource use efficiencies of FPVs are absent. These 

metrics are critical to understanding the environmental and ecological impacts that FPVs may 

potentially exhibit. Here, we compared techno-hydrological and spatial attributes of four FPVs 

spanning different climatic regimes. Next, we defined and quantified the land sparing and water 

surface use efficiency (WSUE) of each FPV. Lastly, we coined and calculated the water surface 

transformation (WST) using generation data at the world’s first FPV (Far Niente Winery, California). 

The four FPVs spare 59,555 m2 of land and have a mean land sparing ratio of 2.7:1 m2 compared to 

ground-mounted PVs. Mean direct and total capacity-based WSUE is 94.5 ± 20.1 SD Wm−2 and 35.2 

± 27.4 SD Wm−2, respectively. Direct and total generation-based WST at Far Niente is 9.3 and 13.4 m2 

MWh−1 yr−1, respectively; 2.3 times less area than ground-mounted utility-scale PVs. Our results 

reveal diverse techno-hydrological and spatial attributes of FPVs, the capacity of FPVs to spare land, 

and the utility of WSUE and WST metrics.  

Keywords: energy geography; energy siting; floatovoltaics; floating solar; land use; land sparing; 

renewable energy; solar energy; photovoltaics 

 

1. Introduction 

Floating solar photovoltaic installations (FPVs) represent a new type of water surface use, with 

unique characteristics and water surface impacts relative to other types of water surface uses. Global 

deployment of FPVs has increased over the past decade, due, in part, to increased demand for 

renewable energy generation and beneficial land sparing outcomes associated with locating solar 

photovoltaic (PV) atop pre-existing water bodies [1,2]. Globally, there are over 2.4 gigawatts (GW) of 

operating FPVs, with an expected annual growth rate of 22% over the next five years [3]. Deploying 

solar energy over pre-existing water bodies may spare land for other purposes, such as agriculture 

and conservation. Additionally, FPVs could contribute significantly to decarbonization targets 
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around the world. For example, the estimated potential for electrical generation from domestic FPVs 

on constructed (i.e., human-made) water bodies within the United States (US) is over 10% of total US 

energy demand [4]. 

Floatovoltaics may at times have custom design and engineering [5]. However, they are 

increasingly characterized by the attachment of standard PV modules to a buoy-like structure, 

usually high-density polyethylene pontoons, which are permanently anchored to the bottom or liner 

of the water body. Electrical equipment, such as inverters and other balance-of-system (BOS) 

equipment, are typically located onshore and connected to the installation via floating or underwater 

cables [1]. Additional infrastructure, such as distribution and transmission lines, can also be required 

for larger installations or in locations in which there is no current distribution network. 

While there has been rapid development of FPVs, there has been a lack of research on the 

technical, hydrological, and spatial attributes of FPVs, specifically compared to ground-mounted PV 

[1,6,7]. The local recipient environment of ground-mounted PV installations impacts panel 

performance and lifespan [8], while the construction and operation of ground-mounted PV 

installations can impact the environment in which it is sited and its associated ecosystem services 

[2,9–15]. Similarly, the siting of FPVs may impact panel performance as evaporation between the 

water body surface and the panel lowers ambient panel temperature and disperses additional heat 

from the panel area [16,17]. Moreover, the design implications for wind-induced cooling of the PV 

panels can have significant impacts on panel efficiency [18]. Increased humidity and precipitable 

water on these installations, due to their location over a body of water, however, could lower panel 

output; humidity has been documented to decrease the performance ratio of PV installations [19].  

The configuration and operational deployment of FPVs vary significantly from conventional 

ground-mounted PVs, making it important to understand the technical, hydrological, and spatial 

attributes of individual FPV installations to rigorously assess impacts, especially as the technology 

matures. By collecting information on attributes such as the percent cover of FPVs on water bodies, 

the floatation devices used to support the installations, panel orientation, and the functional role of 

the water body, it is possible to increase the accuracy of development projections and theorized 

electrical generation potential. Currently, FPVs are designed to consolidate the space of the array on 

the water in order to avoid evaporation of the water body and reduce material costs, thus increasing 

the FPV packing factor to reduce area use and reduce wind load strain on the installation [16,20]. 

Understanding and maximizing the packing factor of a solar installation, both ground-mounted and 

FPVs, is critical for reducing Earth surface use for solar energy generation [21].  

The lower fixed-angle panel tilt typical of FPVs can have major implications in terms of both 

generation potential and land use potential. Spencer et al. (2018) modeled the potential of FPVs in a 

US-wide study and assigned a tilt of 11°, a value derived from current industry practices at that time 

[4]. Quantifying the actual tilt angle on deployed installations allows for more accurate calculations 

towards the understanding of the structural integrity, generation capabilities, and evaporative losses 

of individual FPVs as well as large inventories of FPVs. 

The percent coverage of the FPVs on the recipient water body can inform current projections of 

deployment potential and the types of water bodies suitable for FPV deployment. In their 

deployment potential predictions for the US, Spencer et al. (2018) reported a median percentage of 

water surface coverage of 27%, using market data for commercial installations [4]. While this may 

reflect current median installation trends, the range of percent water surface coverage ranges from 

<2% to >80% and there is no significant correlation between water body area and installation coverage 

[4,22]. Such a large range of surface coverage exists due to the fact that many FPVs are typically 

determined by point-of-use power needs such as peak power demand of a site, other water body 

uses, and grid capacity constraints [1].  

By further understanding the relationship of water body surface coverage with FPVs, 

installations can be optimized to create more beneficial techno-hydrological synergies between the 

installation and the body of water [23]. Understanding the selection of individual FPV sites and the 

extent of use of water surfaces may provide, in part, insight into just decision making of FPV 

development and its realizable generation potential [24]. A standardized framework for quantifying 
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these attributes also confers an empirical understanding of the role of FPVs in meeting the United 

Nations Sustainable Development Goals (SDGs) [22], notably in aligning clean energy (SDG 7) and 

land–water interfacing targets (SDG 14 and 15) [25]. 

Understanding the siting impacts and geography of renewable energy is of increasing 

importance as energy demand increases globally and tensions between land uses grow due to factors 

such as agricultural use and forest and wildlife conservation [26–28]. Additionally, these spatial 

relationships between FPV systems and the water body can have impacts on the techno-hydrological 

impacts, local ecological interactions, and local ecosystem services. By understanding the different 

spatial attributes of FPVs, such as the system’s roundness and eccentricity, it is possible to further 

quantify and identify exactly how these systems interact with the surrounding environments.  

Shape metrics, such as the roundness, compactness, and eccentricity of an object, allow for a 

more comprehensive understanding of the various impacts that FPVs may have on the water body 

and associated environmental and ecological systems. An example of these impacts is how the 

covering of a water body with FPV directly impacts the amount of solar radiation reaching the water’s 

surface, in turn affecting water quality parameters such as surface water temperature and 

evaporation [22]. The roundness of both the water body and FPV system could also have significant 

effects on the surface flow of water across a water body. Due to the taut mooring of FPV installations 

to the ground, the system directly interferes with surface water flow patterns and thus the 

compactness and shape of the installation may play an important role in the dynamics of surface 

water movement.  

FPV may also disrupt the thermal regime of the recipient water bodies, altering stratification 

strength, length, and mixed depth due to perturbations to incoming solar radiation and wind flow 

across the water surface [6,22]. Consequently, the impact of FPV is highly uncertain and will vary 

between water body types and floatovoltaics designs, including the spatial attributes of the FPV [6]. 

Diurnal stratification/destratification cycling events are common in ponds as shallow as one meter 

and play a critical role in oxygen and nutrient mixing within shallow water bodies [29,30]. 

Stratification generally reduces water quality through reduced mixing and deoxygenation with 

implications for phytoplankton, nutrient and contaminant loads [29,31]. Additionally, these 

hydrological shifts, coupled with the reduction in sunlight reaching the recipient water body, can 

have significant ecological effects for the aquatic and surrounding terrestrial ecology of an FPV [32]. 

These shifts in environmental and ecological parameters could affect a given water body’s 

compliance to various permits, directives, or environmental impact assessments and thus impacts 

both pre and post construction must be considered and accounted for in the design and 

implementation process [33]. 

Land sparing, as both a research topic and endeavor, has historically been focused on agriculture 

[34,35]; however, a land sparing heuristic and analytical framework is increasingly needed for 

renewable energy given the significant current and projected land takes applicable to energy [26]. 

Land sparing, within the context of energy for human use, is defined as the substitution of energy 

development on land for an alternative recipient environment (e.g., constructed water bodies, 

buildings) such that net land use and land cover change is zero. In this scenario, calculating land 

sparing requires a priori knowledge (and an assumption based on this allometry) about how much 

land we would expect to use to host the same amount of capacity as was developed on water.  

Alternatively, land sparing can also be achieved with an intensification of energy generation that 

increases its land use efficiency [36,37]. The use of water bodies as a recipient environment for solar 

energy infrastructure may be particularly attractive considering its potential for land sparing [2]. For 

example, [38] found that solar energy development within the built-environment and on salt-affected 

land, contaminated land, and constructed bodies of water of the Great Central Valley could spare 

15% (8415 km2) of the region’s land for other uses, including agriculture and conservation [38]. This 

could be of increasing value as solar is often seen in competition to agricultural land uses [39]. As no 

study to date has quantified the land sparing potential of individual operating FPVs, we demonstrate 

its calculation in this study using observations of attributes from operating FPVs. 
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To assess the performance of FPV installations, including impacts on the environment, and 

compare performance to other energy generation technologies, it is important to first develop a 

standardized framework of metrics, specifying terms and units. There has been increasing research 

attempting to quantify relationships between conventional ground-mounted solar energy and land 

use from regional to global scales, yet due to heterogeneous and non-uniform accounting metrics, it 

can be difficult to compare data across studies [40–42]. For example, the same metric terms are 

commonly used to represent both capacity and generation of a facility but with different units, 

leading to confusion as to what parameter is ultimately being referred to. Standardizing metrics and 

units to describe FPVs may not only avoid similar issues within FPV research in the future, but also 

confers a clear pathway for translatable and comparable findings across generation technology types 

when exploring various renewable and fossil fuel generation options. 

Deployment of FPVs has grown rapidly but understanding of their impacts and means to 

quantify their characteristics has not kept pace. Consequently, the aim of this study is to develop a 

standardized framework of metrics to quantify the land sparing and resource use efficiencies of FPVs. 

Our first objective is to compare the techno-hydrological and spatial (e.g., surface area, roundness) 

attributes of four FPVs spanning different climatic regimes and water body types across the United 

States (Windsor, California [CA]; Oakville, CA, Walden, Colorado [CO], and Orlando, Florida [FL]), 

including at the world’s first non-experimental FPV at Far Niente Winery (Oakville, CA; Daly 2019). 

Next, our second objective is to define and quantify the land sparing (m2) of each FPV and the land 

sparing ratio, comparing the area (m2) of terrestrial land spared for every m2 of water surface covered 

directly by FPV per unit of electricity generation between terrestrial and aquatic-based PV 

installations. Lastly, our third objective is to coin and develop a set of water surface use efficiency 

(WSUE) and water surface transformation (WST) metrics for FPVs, applicable to capacity- and 

generation-based FPV data, respectively. We demonstrate the calculation and utility of these metrics 

using data from our study sites. This study seeks to provide empirical insight into the diverse 

applications of FPVs and properties of their recipient water bodies. Importantly, our study provides 

a standardized framework of metrics to calculate and compare the land sparing and resource use 

efficiencies of FPVs, which can be employed to quantify environmental impacts on constructed 

bodies of water as well as for meeting goals related to renewable energy generation and 

sustainability.  

2. Methods  

2.1. Site Selection 

We identified several prospective FPV sites for study across the United States within the 

following climates: a humid subtropical site in Florida; a subarctic/boreal site in Colorado; and two 

warm summer/Mediterranean sites in California. These sites are also at a range of elevations, ranging 

from 29 to 2455 m above sea level. Specifically, the Oakville, CA FPV is located within a vineyard in 

California’s Napa Valley. The valley itself is between the Mayacamas and Vaca mountain ranges, 

creating a climatic signature unique from areas both to the east and west of Napa Valley [43]. While 

the Windsor, CA FPV exhibits similar climatic trends to the Oakville, CA FPV, the Windsor FPV is 

within a highly developed and urban land use. The Orlando, FL FPV has the lowest elevation at 29 

m above sea level and is surrounded by a highly developed and urban land use. Finally, the Walden, 

CO FPV is in the north park basin of the Rocky Mountain range and is surrounded by low 

development land use, streams, and grasslands [44]. All four FPVs are located on human-constructed 

and managed functional freshwater bodies. This distribution was dictated by the existence of FPV 

but also access to sites and data on the performance and operation of the FPV where partnerships 

could be granted. We developed research partnerships with Far Niente Winery (Oakville, CA), Ciel 

et Terre (Windsor, CA), the City of Walden (Walden, CO), and the Orlando Utilities Commission 

(Orlando, FL), which conferred logistical and data access to their respective FPV sites.  
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2.2. Collection of Climatic Attributes 

Accurate climatic data for all four sites in this study is critical to the understanding of the overall 

environment of the chosen FPV systems. To gather the most detailed information on both current 

and historic climatic conditions at the sites, precipitation and temperature data were collected from 

the PRISM climate group AN81m dataset [45]. The AN81m dataset has been chosen as it utilizes all 

the available stations within the PRISM network and focuses on best estimation within the 

conterminous U.S [46]. Monthly precipitation and temperature values were calculated by averaging 

daily records of each month from the period 2005–2019. Monthly standard deviations for both 

temperature and precipitation were calculated using the average monthly values from the same time 

interval (2005–2019).  

2.3. Collection of Technological and Hydrological Attributes of FPVs 

PV is characterized by diverse technical and design modularity, thus, understanding the type 

and design of panels selected for FPVs may reveal critical technical limitations and opportunities, 

including those related to cell/panel efficiency, sizing, and expected degradation. We collected 

information on solar panel type used on each installation through communications with current 

facility managers. Panel efficiencies and sizing were identified through manufacturer-reported 

values [47–50]. The choice of PV panels was determined by the individual FPV owner at the time of 

each FPV’s construction as a result of market availability and the current pricing of panels as opposed 

to strictly maximizing efficiency. 

Floating device system and tilt angle specifications for the Oakville, CA site were provided by 

the current system manager; the floating system was custom-designed for that specific site. The 

additional three sites (Walden, CO, Windsor, CA, and Orlando, FL, USA) all utilize the same 

Hydrelio® system manufactured by Ciel et Terre. Specifications for these installations, including tilt 

angle, were collected through Ciel et Terre-reported values [51]. The water body depth was provided 

by the current site managers for three of the four sites (Oakville, CA, USA, Walden, CO, USA and 

Orlando, FL, USA).  

2.4. Collection of Spatial Attributes of Water Bodies 

To measure relationships between the surface area of an FPV installation and its recipient 

waterbody, we used imagery of the four sites from Google Earth Pro (version 7.3.2.5776; 64 bit) and 

measured features of interest using the polygon and ruler tools. We measured the major and minor 

axis of the waterbody by iteratively finding the longest distance within the waterbody polygon and 

the longest perpendicular (90°) distance to the major axis (Figure 1b). We measured the perimeter 

and surface area of each body of water by manually outlining the perimeter of the waterbody using 

the polygon tool. To account for the daily and seasonal variation of water body surface areas [52,53], 

we measured the object perimeter, convex perimeter, major axis, minor axis, and surface area of each 

body of water in fall (1 September–30 November), winter (1 December–28 February), spring (1 

March–31 May), and summer (1 June–31 August) of the most recent image available for each season 

(Table A1). Direct FPV area was calculated by using imagery of the four sites from Google Earth Pro 

(version 7.3.2.5776; 64 bit) and measuring features of interest using the polygon and ruler tools. 

Previous studies have demonstrated that a RMSE of under 60.9 cm is achieved when the distance 

between specific features within an image on Google Earth are measured using the installed polygon 

and ruler tools [54,55]. The object perimeter and convex perimeter of each water body were then 

calculated as an average of these measurements (Figure 1a). Here, convex perimeter is defined as the 

convex hull that encloses an object and excludes local irregularities [54]. The object perimeter, convex 

perimeter, and major and minor axes were then used to calculate the spatial metrics compactness, 

roundness, and eccentricity: 

����������� =
4� ⋅ ����(�)

(������ ��������� (�))2
 (1) 
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Figure 1. Graphical representation of perimeters and distances used to calculate shape metrics for 

FPVs: (a) the convex perimeter for a recipient water body and the object perimeter; (b) the major and 

minor axes of a water body used to calculate eccentricity. 

2.5. Calculation of Land Sparing 

Land sparing requires a priori knowledge (and an assumption based on an allometry) on how 

much land we would expect to use to host the same amount of energy capacity that was developed 

on water using a land use efficiency metric (Equations (1) and (4)). Here, we use the allometry, 35.1 

W m−2, for a ground-mounted installation of 20 MW or greater [9]. As FPVs often construct balance-

of-system (BOS; e.g., mounting rack, inverters) and other infrastructure (e.g., roads, gravel paths) on 

land near the FPVs, we subtract the on-shore footprint (i.e., surface area) from the land spared. For 

the four sites in this study, this on-shore BOS includes mounting racks, inverters, and floating 

electrical wiring connecting the FPV to land-based components. We observed Google Earth Pro 

(version 7.3.2.5776; 64 bit) imagery from before and after FPV construction and found no new roads, 

gravel paths, or other major infrastructural components added solely for the four FPVs in this study. 

On-shore BOS and other infrastructure at the Far Niente Winery site support both the FPV and the 

adjacent ground-mounted PV installation which is has a capacity 1.5x that of the floating array. 

Therefore, we multiplied the footprint of the on-shore BOS (20.2 m2) at this site by 0.50 to properly 

allocate BOS associated just with the FPV. This is a conservative allocation given the FPV supplies 

approximately 40% of total PV capacity between the two sites. For all other sites, the total footprint 

of any shore BOS and other infrastructure was subtracted from the land sparing (m2). Shore-based 

BOS in this study does not include distribution or transmission infrastructure as all the sites had been 

developed intentionally with the knowledge that this infrastructure was pre-existing and could be 

used for the given FPVs. We then calculated a land sparing ratio (LSR) that relates the area (m2) of 

terrestrial land spared for every m2 of water surface covered directly by FPV as pertaining to installed 

capacity (Equation 5). 

 

���� ������� ����� (���) =
��������� �������� �� ��� (�)

���� ��� ���������� �� ������ − ������� �� (� ���)
−   ��� ��������� (��) (4) 
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(5) 

2.6. Calculation of Water Surface Use Efficiency (WSUE) 

We define the water surface use efficiency (WSUE) as a metric to quantify the relationship 

between the nameplate capacity of an FPV and the footprint of the recipient body of water (e.g., W 

m-2, kW m-2). The direct WSUE is a measure of the relationship between the capacity of an FPV and 

the area of water directly covered by the FPV from a 90° view angle (direct FPV footprint [m2]; Figure 

2b—see “i.”, Equation (6)):  

������ ���� =
��������� �������� �� ��� (�)

������� ���� �� ��� ����� (��)
 (6) 

The Total WSUE is a measure of the relationship between the capacity (W) or generation (MWh) 

of an FPV and the total area of the recipient water body on which the FPV is sited (Figure 2b see “ii.”): 

����� ���� =
��������� �������� �� ��� (�)

������� ���� �� �ℎ� ��������� ����� ����  (�2)
 (7) 

Capacity-based WSUE data are useful for comparisons of FPV infrastructure between two or 

more proposed PV projects (both land and FPV), estimating water surface area and cost requirements, 

and in setting water use efficiency targets for new projects. In contrast to capacity-based data, 

generation-based data provide critical information for more detailed comparisons emphasizing 

realized generation, especially in revealing differences due to variation in generation over time.  

 

Figure 2. Floating photovoltaic solar energy installations and relationships with their recipient water 

bodies and land: (a) graphical representation of typical spatial elements of a floating photovoltaic 
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solar energy installation (FPV) including the (i.) access dock, (ii.) cable, (iii.) onshore inverters and 

other on-shore balance-of-system (BOS) and infrastructure including (iv.) access roads; and 

vegetation, including, (v.) land-based vegetation, (vi.) floating plants, cyanobacteria, submerged 

macrophytes, and (vii.) emergent vegetation; (b) spatial footprints of an FPV system used to calculate 

land sparing and water surface use efficiency of FPVs, including the (i.) footprint of a floating 

photovoltaic solar energy installation, (ii.) footprint of recipient water body, (iii.) footprint of on-shore 

BOS and infrastructure including the construction of new access roads (m2); (c) representation of an 

FPV with a high water surface use efficiency (W m−2); (d) representation of an FPV with a low water 

surface use efficiency (W m−2). 

2.7. Calculating Generation-Based Direct and Total WST 

We obtained daily generation data for the Oakville, CA FPV from 1 January 2018 to 31 December 

2018 and used these data to compute the average capacity factor, direct WST, and total WST. The data 

were gathered from the six string inverters connected to the FPV. A 14-day period ranging from 2 

November 2018 to 16 November 2018 produced no measurable generation due to technical 

difficulties and thus this time series was excluded from generation calculations. For the remaining 

351 days, the data were continuous and complete for one of the inverters; four of the inverters were 

missing small amounts of data (n = 55); and for one inverter, there were 64 missing values. To fill 

gaps in the data, values from the adjacent inverter were used as a baseline and values were calculated 

for each inverter as a proportion of installed capacity (all six inverters were identical in technical 

specifications other than installed capacity). For example, if the malfunctioning inverter had a 

capacity of 45 kW compared to the properly functioning inverter’s capacity of 50 kW, the daily value 

was calculated by taking 90% of the functioning inverter’s generation value. The calculated annual 

generation for the site was thus a sum of all the adjusted inverter’s generation for the year. Capacity 

factor is here defined as the ratio of actual power output of a power producer to the maximum 

possible rated output of the same power producer. Subsequently, direct WST was calculated by 

dividing the annual generation by the area of the FPV. Finally, we calculated total WST by dividing 

the calculated annual generation by the total area of the water body.  

������ ��� =
������� ���� �� ��� ����� (��)

�������� ���������� �� ��� (��ℎ)
 (8) 

����� ��� =
������� ���� �� �ℎ� ��������� ����� ����  (��)

�������� ���������� �� ��� (��ℎ)
 (9) 

3. Results 

3.1. Climatic Attributes of FPVs 

The locations of the four FPVs investigated in this study demonstrate a wide range of operational 

climates and environments (Figure 1). Across the four sites, average annual daily temperature 

extremes range from a low of −33.8 °C in Walden, CO to 39.6 °C in Oakville, CA (Figure 3a). Average 

annual precipitation across the four sites ranges from a low of 29.6 cm in Walden, CO, which is the 

highest elevation site (2455 m), to 188.0 cm in Orlando, FL (Figure 3a), the lowest elevation site (29 

m). The FPVs span three Köppen climatic classifications: warm-summer Mediterranean (Csb), 

subarctic (Dfc), and humid-subtropical (Cfa). While three (Walden, CO, Windsor, CA, and Oakville, 

CA) of the four sites demonstrate average annual low temperatures that fall below freezing, only one 

site (Walden, CO) exhibits consistent annual water body freezing events (Figure 3a). Snowfall occurs 

at the Walden, CO installation, where PV panels become completely covered with snow for 

approximately four to five months during the winter season [56].  

3.2. Technohydrological Attributes of FPVs 

FPV nameplate capacity ranges from 31.5 kW (Orlando, FL) to 1780 kW (Windsor, CA). The age 

of systems across the four sites also ranges, as of March 2020, from one year (Windsor, CA) to 12 
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years (Oakville, CA) (Table 1). The FPVs have a fixed-tilt panel mounting system with either a 12° 

panel tilt angle (Windsor, CA, Walden, CO, and Orlando, FL) or a 22° panel tilt angle (Oakville, CA) 

(Table 1). All four FPVs use different models of PV panels that range in rated panel efficiency from 

12.8% at the Oakville, CA site to 18.6% at the Windsor, CA site (Table 1).  

 

Figure 3. Geographical location and climatic regimes of four FPV sites (irrigation pond—Oakville, 

CA; water treatment holding pond—Windsor, CA; water treatment holding pond—Walden, CO; 

storm water run-off pond—Orlando, FL) in the United States (US): (a) average temperature (orange) 

and precipitation (blue) of the four sites (shading represents ± 1 standard deviation). Data from the 

PRISM climate group were used for this analysis 1. The three-letter abbreviations represent the 

Köppen climate of each site (Csb=warm summer Mediterranean, Dfc=subarctic, Cfa=humid 

subtropical); (b) map of the US showing locations of each FPV and a bird’s eye view of each site from 

304.8 m elevation. 

The FPVs in this study are located on freshwater, constructed water bodies. Water inflow and 

outflow are both extensively managed and controlled at three of the four sites (Oakville, CA, 

Windsor, CA, and Walden, CO) while the fourth site (Orlando, FL) has naturally fluctuating flow 

patterns (Table 2). Additionally, the types of water bodies in this study include water treatment 

holding reservoirs, an irrigation pond, and a stormwater run-off pond (Table 2). We determined that 

the Oakville, CA, Walden, CO, and Orlando, FL water bodies had depths of 3.4, 1.0 and 

approximately 3.0 m, respectively; however, we were unable to determine the depth of water at 

Windsor, CA (Table 2). 
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Table 1. Technological attributes of four floating photovoltaic solar energy installations in the United 

States.  

Technological 

Attribute 

Location  

Oakville, CA Windsor, CA Walden, CO Orlando, FL Mean 

Installation capacity 

(kWp) 
206 1,780 74 31.5 522.8 

Number of PV 

panels in installation 
994 4,959 208 100 1,566 

Age of FPV system 

as of March 2020 

(years) 

12 1 2 3 4.5 

PV panel technology Sharp ND-208U2 
Risen Energy 

RSM72-6-360M 
Jinko 355W  

Renesola JC315M-

315W 
N/A 

Panel efficiency 12.8% 18.6% 18.3% 16.2% 16.5% 

Floatation device 

type 

Custom 

Manufacture 
Hydrelio 1 Hydrelio 1 Hydrelio 1 N/A 

Panel tilt 22° 12° 12° 12° 14.5° 

2 Balance of system uses the Hydrelio® floating solar platform manufactured and installed by Ciel et 

Terre© [57].  

Table 2. Hydrological attributes of the recipient water bodies of four floating photovoltaic solar 

energy installations in the United States. The measures of variation represent ± 1 standard deviations 

within the dataset. Variance represents ± 1 standard deviation. 

Hydrological 

Attributes 

Location  

Oakville, CA Windsor, CA Walden, CO Orlando, FL Mean 

Managed inputs yes (1) yes (1) yes (1) no (0) 0.75 ± 0.5 

Water body type Irrigation pond 
Water treatment 

holding pond 

Water treatment 

holding pond 

Storm water run-

off pond 
— 

Water depth (m) 3.4 —* 1 3 2.5 * 

Water body 

perimeter (m) 
263 ± 5.4 1086 ± 11.1 139 ±10.8 589 ± 40.4 519 ± 422.7 

      

* We were unable to locate depth measurements for the Windsor, CA site; mean is based on three sites. 

3.3. Spatial Attributes of FPVs and their Recipient Bodies of Water 

The mean surface area of the recipient water bodies is 21,712 m2. The smallest water body is 

located at the Walden, CO site (1,346 ± 34.0 m2 [± 1 Standard Deviation (SD)]) and the largest at the 

Windsor, CA site (68,121 ± 2,110 m2 [± 1 SD]; Table 2). The mean area of the four FPVs is 5097 m2 with 

the largest footprint being Windsor, CA (16,184 m2) and the smallest being Orlando, FL (325 m2) 

(Table 3). We found the site with the most dynamic variation of water surface area to be Oakville, CA 

(11.3%) fluctuation). Mean percentage of water surface coverage by the FPVs is 39.8 ± 31.9% (± 1 SD), 

ranging from 3.0% in Orlando, FL to 69.7% in Oakville, CA (Table 3).  

Table 3. Spatial attributes of four floating photovoltaic solar energy installations and their recipient 

water bodies in the United States. Variance represents ± 1 standard deviation. 

FPV System 

Components 
Spatial Attributes Location  

  Oakville, CA Windsor, CA Walden, CO Orlando, FL Mean (± 1 SD) 

FPV 
Surface area of FPV 

installation (m2) 
3,143 16,184 700 359 5,097 ± 7,495 

 

Shore-based land use 

of BOS1 (% of direct 

FPV area) 

0.3 0.1 0.6 1.9 0.7 ± 0.8 

 Packing factor 0.51 0.59 0.57 0.54 0.55 ± 0.04 

 
FPV installation 

compactness 
0.74 0.68 0.68 0.76 0.72 ± 0.04 

Water Body 
Water body surface 

area (m2)) 
4,512 ± 243 69,452 ± 2,110 1,110 ± 34 11,773 ± 458 21,712 ± 32,136 

 
Water body 

compactness 
0.823 0.741 0.722 0.426 0.68 ± 0.17 

 Water body roundness 0.87 0.78 0.79 0.67 0.78 ± 0.08 
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Water body 

eccentricity 
0.92 0.76 0.75 0.71 0.78 ± 0.09 

FPV and 

Water Body 

Percent water surface 

covered 
69.8 ± 4.0 23.3 ± 0.7 63.1 ± 1.9 3.1 ± 0.1 39.8 ± 28.7 

1 BOS: balance of system. This refers to all components separate to the FPV installation itself, namely 

inverters, transformers, and other electrical equipment typically located on land. 

3.4. Land Sparing, Land Sparing Ratio, and Shore-Based Land Use of FPVs 

We found that three of the four sites were intentionally developed to spare land (Table 4). Across 

all four sites, we found that mean land sparing is 14,889 ± 23,969 m2 (± 1 SD), with total land sparing 

across the four sites comprising 58,555 m2, equivalent to approximately 11 American football fields 

(Table 4). The mean LSR across the four sites is 2.7:1 ± 0.5 (± 1 SD), with the highest LSR at the 

Windsor, CA site (3.1:1) and the lowest LSR at the Oakville, CA site (1.8:1) (Table 4). Finally, we found 

on-shore land use of BOS to average 0.7 ± 0.8 % (± 1 SD) of the total FPV footprint with the smallest 

on-shore land use at the Windsor, CA site (0.1% of total FPV area) and the largest on-shore land use 

at the Orlando, FL site (2.1% of total FPV area) (Table 3). 

Table 4. The land sparing, land sparing ratio (LSR), water surface use efficiency (WSUE), and water 

surface transformation (WST) of four FPV installations in the United States. Variance represents ± 1 

standard deviation. 

 Location  

Resource Use Metric Oakville, CA Windsor, CA Walden, CO Orlando, FL Mean (± 1 SD) 

FPV sited to spare land yes  yes  yes  no  — 

Land sparing (m2) 5,859 50,702 2,104 891 14,889 ± 23,969 

Land sparing Ratio (LSR) 

(m2: m2) 
1.9:1 3.1:1 3.0:1 2.7:1 2.7:1 

Direct WSUE (W m−2) 65.5 110 105.7 96.9 94.5 ± 20.1 

Total WSUE (W m−2) 45.7 25.6 66.7 2.7 35.2 ± 27.4 

Direct WST (m2 MWh−1 

yr−1) 
9.3 — — — — 

Total WST (m2 MWh−1 

yr−1) 
13.4 — — — — 

3.5. The Water Surface Use Efficiency (WSUE) of FPVs 

We found that the FPV’s average is 94.5 ± 20.1 W m−2 (± 1 SD) in direct WSUE across the four 

sites (Table 4). The newest site, Windsor, CA, has the greatest direct WSUE (110.0 W m−2) and the 

oldest FPV in Oakville, CA, has the lowest direct WSUE (65.5 W m−2) (Table 4; Figure 4b). Total WSUE 

averaged 35.2 ± 27.4 W m−2 (± 1 SD), with the greatest WSUE observed at the Walden, CO FPV (66.7 

Wm−2) and the lowest at the Orlando, FL FPV (2.7 W m−2) (Table 4; Figure 4b). The total WSUE for 

each site averages 35.2 ± 27.4 W m−2 (± 1 SD) (Table 4). We found the site with the lowest WSUE to be 

Orlando, FL (2.7 W m−2) and the site with the greatest total WSUE to be Walden, CO (66.7 W m−2) 

(Figure 4b).  

3.6. Generation-Based Water Surface Transformation (WST) 

Annual generation for the Far Niente Winery (Oakville, CA) FPV was 338.01 MWh in 2018 (Table 

4; Figure 4a), with a mean capacity factor of 0.19. Weekly, average generation was 6.6 MWh (Figure 

4a). Using these data, we found that the direct and total WST at Far Niente Winery was 9.3 and 13.4 

m2 MWh−1 yr−1, respectively (Table 4).  
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Figure 4. The capacity and generation attributes of four operational FPV installations in the US. (a) 

The observed weekly generation (MWh) profile (blue line) for the Far Niente (Oakville, CA) FPV 

installation from 1 January 2018 to 31 December 2018, the observed cumulative generation (orange 

polygon) in 2018, and the mean weekly generation (grey line); all units in MWh. (b) The direct water 

surface use efficiency (W m−2) of each site based on nameplate capacity (W) and surface area (m2) of 

the array. 

4. Discussion 

Photovoltaic solar energy development has, in many places, been emphasized on land, where 

increasing studies have recognized the importance of understanding synergies and conflicts between 

technological and environmental outcomes, especially those related to the efficient use of land 

resources [2,58]. Given the relatively nascent stage of technological innovation for FPVs, 

understanding attributes and resource use efficiencies of FPVs early in their development transition 

globally may increase capacity for achieving mutually reinforcing technological and environmental 

outcomes [59,60].  

In this study, we provide an empirical framework to understand resource use relationships 

between FPVs and water bodies, including the extent to which siting decisions spare land resources 

and impact water body surfaces. Embodied within this framework, our novel metrics, including 

standardized terms and units, e.g., water surface use efficiency (W m−2) and water surface 

transformation (m2 MWh−1 yr−1), successfully confer quantitative insight into the local resource use of 

individual FPVs. However, as we demonstrate, such metrics can also inform questions related to 

cumulative siting impacts of fleets of FPVs across diverse landscapes and continents.  

4.1. Technohydrological and Spatial Attributes of FPVs 

The four sites in this study demonstrate a wide range of environments and modalities in which 

FPV installations can and do operate. FPVs in this study ranged by orders of magnitude in nameplate 

capacity, age of system, and number of panels. Additionally, FPVs in this study have PV panels with 

either a multicrystalline or monocrystalline structure, with maximum efficiencies (18.6%) of up to 7% 

less than industry maximum efficiencies [61]. FPVs in this study are floated on three different types 

of constructed water bodies: actively managed irrigation ponds, water treatment reservoirs, and 
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unmanaged stormwater run-off ponds. Other studies further demonstrate the diversity of FPV 

applications on hydroelectric power reservoirs, natural lakes, lagoons, and even in certain marine 

settings [16,62,63]. Specifically, hydroelectric dam reservoirs have demonstrated great potential for 

FPV deployment [62,64]. 

Quantifying spatial attributes of FPVs and their recipient water bodies poses unique challenges 

due to their dynamism over time [65,66]. Not only are surface areas of constructed water bodies more 

dynamic than land footprints (e.g., parking lots), they may also be more dynamic than natural lakes. 

This is because water levels on many FPVs are actively managed via inflows/outflows for industrial 

and agricultural activities (e.g., irrigation), varying significantly throughout the year and even within 

a 24 h period. Many constructed water bodies have sloped shorelines and/or embankments; thus 

inflows/outflows can therefore alter water body surface areas and, consequently, calculations of 

WSUE and WST [67]. We found that a single snapshot in time was insufficient to accurately capture 

the water body surface area of our four FPV water bodies, which varied over time (2016–2018) by as 

much as 11.3% (Oakville, CA). Thus, we caution that WSUE and WST data can only be interpreted 

within the context of the available temporal observations of water body surfaces.  

This underscores the need for high-spatiotemporal-resolution data for the surface area of smaller 

water bodies [68–70]. Downing et al. (2006) found that millions of smaller lakes, ponds, and 

impoundments, previously unmapped, dominate the global surface water and are a significant albeit, 

underappreciated component (> 3%) of Earth’s “terrestrial” land surface [71]. Smaller water bodies, 

such as farm impoundments, are increasing in number over time, and have greater surface area 

dynamism than larger lakes, further underscoring the importance of accurate geospatial datasets for 

assessing resource use, impacts, and the technical potential of FPVs [71,72]. We found the water body 

at the Walden, CO, FPV to be both more shallow (<2 m) and smaller in surface area (2000 < m2) than 

the minimum criteria for water bodies included in a technical potential study of FPV in the US [4]. 

This demonstrates opportunities to increase the accuracy of such modeling efforts and the need for 

better geospatial data of small water bodies.  

The shape of hydrological elements, which may change over time, can modulate technological 

and environmental outcomes [30,73–75]. We measured the compactness, roundness, and eccentricity 

of four FPV recipient water bodies. Lower compactness of a water body, which often implies greater 

shoreline complexity (also known as the ‘shoreline development factor’), is positively associated with 

biodiversity, including aquatic plant communities and fish [73,76,77]. All water bodies in our study 

had similar compactness and were not very eccentric, excepting Orlando, FL (0.43, 0.71), which has 

two distinct lagoons (or bays); one quite irregular in shape. We also found that the water bodies in 

our study are not round; some had roundness akin to that of an isosceles triangle (0.78), including 

Windsor, CA (0.78), and Walden, CO (0.79), and the least round is Orlando, FL (0.67). Across broader 

datasets of FPVs, understanding the shape of the recipient water bodies for FPVs may serve to, in 

part, identify FPV sites where biodiversity is most likely to intersect with FPV development, 

especially in urban water bodies which serve as critical refugia for biodiversity and support diverse 

ecosystem services to local communities [78,79].  

Understanding the shape of water bodies is necessary to improve models seeking to identify 

appropriate recipient water bodies for FPV development and mitigate FPV-related technological and 

environmental risks. For example, a water body with high eccentricity, embodying narrow channels, 

bottlenecks, and/or lagoons, may have greater actual surface area than is technically or economically 

feasible for FPVs. Additionally, constructed ponds have greater eccentricity than natural water 

bodies and therefore responses to water surface use and transformation (e.g., biogeochemical cycling) 

may not follow expectations of those observed in natural lakes [80]. Additionally, increasing studies 

of morphometric properties of natural and constructed water bodies show that changes in shape can 

result from both anthropogenic and natural drivers of change, including increased withdrawals for 

human use (e.g., irrigation), climate change, drought, or combinations thereof [81–85]. Any of these 

factors may impact FPV performance directly by compromising the placement of and connections 

between FPV panels and/or directly altering generation performance. Rising global temperatures and 

the proliferation of algal blooms on water bodies can also intersect with FPV development, which 
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may present unanticipated risks and/or opportunities for algal bloom mitigation [2,86]. 

Understanding the magnitude and direction of present and future risks associated with potential FPV 

sites may serve to support long-term energy security and investments.  

The shape of FPVs, and the degree to which they cover water body surfaces, is another key 

consideration for aligning technical and environmental outcomes, although studies informing shape 

are limited compared to those available for water bodies. Ribeiro et al. (2016) found that a rectangular 

shaped ground-mounted PV installation of the same land area will produce approximately 1.4× 

greater annual generation than a square-shaped installation, due to a greater number of panels within 

that footprint [87]. We found that the FPVs were very similar in compactness, ranging from 0.68 to 

0.76. Ultimately, the shape of an FPV may be driven by not only equipment design standards by the 

FPV manufacturer (compactness did vary across FPVs by Ciel et Terre©), but also sizing optimization 

to satisfy demand load, water body attributes (shape, water quality, biodiversity), water body co-use 

needs and values (flood resilience, recreation, education, visual amenity), meter accessibility, and 

others, which should be further explored [79]. These factors likely also play a role in determining the 

amount of water surface covered by panels that, unlike compactness, we found varied strikingly 

across the four FPVs from 3.1 to 69.8%. For example, the 1.78 MW FPV at Windsor, CA, was sized to 

meet the electricity demand of the wastewater treatment facility it covers (39.3%) [88]. Due to these 

site-specific siting decisions and the abundance of smaller constructed water bodies, current 

estimations for FPV technical potential (assuming 27% water surface coverage) may be 

underestimating the technical potential of FPVs in the US [4]. 

4.2. The Land Sparing of FPVs 

Anthropogenic land use and land cover change (LULCC) is a major contributor to global losses 

of habitat, biodiversity, and carbon sequestration [89–91]. Additionally, the projected rate of land 

cover change associated with energy development in the US through 2040 is more than twice the 

historical rate of urban and residential development [26]. Although our study only evaluated four 

FPV sites, we found that three of the four were sited intentionally to spare land and, in total, spare 

59,555 m2 across all four sites. We also developed a novel land sparing ratio (LSR) metric that 

compares the direct FPV footprint with the equivalent amount of land necessary to produce the same 

amount of electricity from a ground-mounted PV installation. Our study found the average LSR of 

four FPVs to be 2.7:1 m2, meaning that for every 1.0 m2 of installed capacity on water, it would spare 

2.7 m2 of land assuming the deployment of a land-based PV system instead of an FPV. By doing so, 

the value of land sparing is presented in a way that empirically reveals potential land sparing benefits 

of FPVs; however, we caution that the accuracy of the LSR is limited to these four sites and will 

improve with its application to larger FPV datasets.  

Land sparing may allay increased competition for land between energy development, 

agriculture, and biological conservation. While FPVs do require on-shore land for the mounting of 

BOS equipment, such as inverters and transformers, we found that the mean area of on-shore land 

use is 0.7% of the total FPV footprint itself and as low as 0.1% the total FPV footprint at the Windsor, 

CA FPV. Our study found that on-shore BOS are sited close by—on average 5.8 ± 1.12 m from the 

shoreline—with only the Orlando, FL, BOS components sited more than six m away (7.2 m). 

Additionally, at three of the four sites in this study, the BOS is located on previously developed 

parking lots and access roads.  

Land sparing due to FPV development in a rapid energy transition may be beneficial to local 

communities as well as global efforts seeking to align climate change with SDGs [1,25]. In the 

European Union and other places, renewable energy development has been found to confer large 

economic benefits, energy security, and food system resilience for rural communities [92,93]. Here, 

renewable energy development may also drive competition for local land uses, augmenting pressure 

on such communities to urbanize and reducing the land available to balance local conservation 

efforts, natural resource preservation, and agricultural needs [21]. Urban areas often lack publicly 

owned and/or cheap, undeveloped land, which is often emphasized for siting large, ground-mounted 

renewable energy projects. Rural areas, characterized by low population density and large amounts 
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of expansive land, may be increasingly emphasized for the siting of these technologies [21]. The 

Walden FPV represents an important example of a rural FPV. Here, it serves to reduce municipal 

costs, increase energy security, and achieve these outcomes on surfaces that do not conflict with local 

land use values and practices [21,94]. In the US, the electricity generating potential of FPVs has been 

conservatively calculated to be as much as 10% of total energy demand and can meet as much as 32% 

in some states [4,63]. It is critical, however, when developing state and national implementation 

strategies for FPV to ensure equitable inclusion of stakeholders in the decision-making process. This 

is especially important in rural and socio-economically disadvantaged communities, as such 

populations have often been disproportionately disenfranchised in the local energy decisions that 

impact them directly [95,96]. 

Compared to ground-mounted solar energy installations, FPV development is not displacive as 

on-shore land requirements have arguably negligible impacts on LULCC [2,12,97,98]. However, 

shorelines are ecologically vulnerable to changes and studies of on-shore impacts from FPV BOS and 

related infrastructure, even if negligible, are lacking [99,100]. [38] identified 8,415 km2 of land sparing 

potential for PV development on unconventional surfaces, including managed water bodies, in the 

Great Central Valley where land needed for food production, urban development, water rights, and 

conservation collide [38,101]. Further, FPV development may preclude rebound effects associated 

with other types of land sparing efforts. For example, land sparing in agriculture is often attained 

through an increased intensity of use on a given area of land, which can paradoxically generate both 

short- and long-term land use expansion [102,103]. Comparatively, PV systems can be developed on 

rooftops, contaminated lands, over parking lots, and synergistically co-located with other land uses 

such as agriculture and livestock ranging in an effort to both increase land sparing and add 

alternative value streams [2,104,105]. In this light, FPV deployment is just one, albeit promising, 

modality of solar energy that can spare land in a given landscape.  

4.3. Water Surface Use Efficiency (WSUE) and Water Surface Transformation (WST)  

Water body surfaces, both natural and constructed, have been used and transformed to support 

human activities, including for energy (e.g., oil rigs, hydroelectric power), recreation (e.g., boats), 

food (e.g., aquaculture), and even housing [106,107]. Offshore oil rigs can have surface areas of 

upwards of 8600 m2 [108] and aquaculture farms are commonly greater than 500,000 m2 in area 

[109,110].  

We found that the mean direct WSUE of FPVs (i.e., the nameplate capacity installed per FPV 

footprint unit of area) is 94.5 ± 20.1 W m−2 and the greatest WSUE we observed at the two most 

recently constructed FPVs (Windsor, CA, and Walden, CO), suggesting that improvements in direct 

WSUE via design (e.g., more panels fitting within a unit of area, performance enhancement of 

shading) may be increasing. We found that the mean total WSUE of FPVs is 35.2 W m−2 and that this 

is in good standing with observations of the land use efficiency of ground-mounted, utility-scale PV 

solar energy by [9] (35.1 W m−2, for installations > 20 MW) and by [42] (41.9 W m−2, for installations 1 

< MW < 20; 34.3 W m−2, >20 MW). We caution that our metrics are based on four FPV installations in 

the US and future studies that include larger, geographically diverse datasets will improve the 

accuracy of WSUE. The use of capacity-based metrics also allows for the direct comparison of the 

efficiency of installed capacity on land use across FPVs, with other solar energy systems, and with 

other energy generation technologies.  

The WST (m2 MWh−1 yr−1) confers an empirical understanding of the observed generation of an 

installation in relation to the amount of space it occupies, which, like WSUE, can be compared across 

different installations and energy types. We found the direct WST of the Far Niente FPV in 2018 to 

be 9.3 m2 MWh−1 yr−1 and the total WST to be 13.4 m2 MWh−1 yr−1, the former which is two times greater 

in use efficiency than the land surface of ground-mounted PV systems (21 m2 MWh−1 yr−1) and 17 

times greater in use efficiency than wind energy, including spacing between pads (150 m2 MWh−1 

yr−1), reported by [111]. [42] found a direct land use for small-scale PV (>1 MW, <20 MW) to be 13 m2 

MWh−1 yr−1 and [40] found a direct land use for wind power (although calculated from only two rows 

of turbines) to range from 30.5 to 82.6 m2 MWh−1 yr−1 due to various wind speed assumptions. These 
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findings suggest that FPVs may generate more electricity per unit area when compared to other 

renewable energy technologies. However, we caution that our analysis is focused on a single FPV, 

which was the world’s first, and thus encourage future studies applying these metrics to larger, newly 

constructed, and more geographically diverse FPV datasets. It is likely that FPVs with greater panel 

efficiencies will likely produce greater WST values than those presented in this research.  

The terms ‘water surface use efficiency’ and ‘water surface transformation’ were purposefully 

coined to represent relationships between resources and capacity-based and generation-based FPV 

data, respectively, and to align with the prevailing preference of terminology for describing land–

solar energy relationships (‘land use efficiency’ and ‘land use transformation’) based on a systematic 

review of the literature by [112]. The use of differing metrics is not uncommon but drives unnecessary 

ambiguity across results of similar studies and can hobble the capacity for comparisons, meta-

analysis, and projections [41,113,114]. For example, similar underlying issues persist in the reporting 

of water use in which inconsistent terminology and imprecise units can transmogrify reported water 

consumption in the US by −50% to +270% [115]. Additionally, [116] found it is imperative to adjust 

land use-based metrics if and when they no longer fully capture the intended scope of the original 

metric; as would be the case here for FPVs. The WSUE (W m−2) and WST (m2 MWh−1 yr−1) metrics 

proposed in this study may serve to obviate current and future ambiguity via the intentional selection 

of words to coin the terms WSUE and WST, clarity of definitions, and uniformity and scalability of 

units. 

5. Conclusions 

The rapid increase in renewable energy deployment is causing increased competition for land 

use globally. This study found that floating solar photovoltaic (FPV) installations offer the ability to 

spare, on average, 2.7 times the area of ground-mounted PV installations on an installed capacity 

basis. Additionally, we characterized and quantified technical, hydrological, shape, and spatial 

attributes of four FPV installations in the US. Finally, we coined a set of capacity-based (WSUE) and 

generation-based (WST) metrics to standardize both current and future quantifications of water 

surface and PV system performance to allow for transparent reporting from study to study. This set 

of metrics is critical to understanding the potential impacts of FPVs both in terms of land sparing and 

water use and environmental and ecological implications. Additionally, these metrics can be used to 

accurately disseminate land use and water surface use requirements for new FPV projects to policy 

makers and project stakeholders in a clear and accurate manner. FPVs decrease the need for 

additional terrestrial land for renewable energy deployment. As FPV gains in popularity, it is critical 

to communicate the impacts of the installation’s technical performance, hydrological impacts, and 

water surface coverage in a homogenous manner across all future studies. 
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Appendix A 

Table A1. Measured water body parameters for four sites in the U.S. For each site, parameters were 

averaged from measurements taken from images across all four seasons to account for seasonal 

variability in water levels. Additionally, it is noted whether the FPV installation was deployed during 

the time of the image being taken, as this may have impacts on water surface measurements. 

Measurements were derived from Google Earth Images [117–132]. 

    Season   

Location  Winter Spring Summer Fall Average (± 1 SD) 

Oakville, CA Date 2/5/2018 3/16/2016 5/20/2017 9/1/2018  

 FPV Present/Absent Present Present Present Present  

 Surface Area (m2) 4662.0 4580.0 4655.0 4153.0 4512.5 ± 242.5 
 Perimeter (m) 268.0 264.0 263.0 255.0 262.5 ± 5.4 
 Convex Area (m) 4764.0 4681.0 4720.0 4255.0 4605.0 ± 235.8 
 Convex Perimeter (m) 260.0 254.0 259.0 248.0 255.3 ± 5.5 
 Major Axis (m) 93.4 88.2 92.6 88.1 90.6 ± 2.8 
 Minor Axis (m) 84.5 82.3 84.0 82.5 83.3 ± 1.1 

Windsor, CA Date 11/7/2019 3/28/2018 7/28/2019 10/23/2019  

 FPV Present/Absent Present Absent Partial Deployment Present  

 Surface Area (m2) 67,831.0 71,575.0 70,946.0 67,454.0 69,451.5 ± 2,110.2 
 Perimeter (m) 1076.0 1097.0 1093.0 1076.0 1085.5 ± 11.1 
 Convex Area (m) 72,516.0 76,008.0 75,296.0 72,221.0 74,010.25 ± 1,921.7 
 Convex Perimeter (m) 1048.0 1070.0 1067.0 1047.0 1058 ± 12.2 
 Major Axis (m) 391.0 401.0 400.0 393.0 396.25 ± 5.0 
 Minor Axis (m) 299.0 302.0 302.0 295.0 299.5 ± 3.3 

Walden, CO Date 6/18/2014 9/17/2015 8/26/2019 9/7/2016  

 FPV Present/Absent Absent Absent Present Absent  

 Surface Area (m2) 1103.0 1117.0 1068.0 1150.0 1109.5 ± 34.0 
 Perimeter (m) 133.0 136.0 132.0 155.0 139.0 ± 10.8 
 Convex Area (m) 1150.0 1172.0 1113.0 1,266.0 1175.3 ± 65.2 
 Convex Perimeter (m) 131.0 132.0 129.0 139.0 132.8 ± 4.3 
 Major Axis (m) 47.9 48.1 47.0 49.7 48.2 ± 1.1 
 Minor Axis (m) 35.3 35.9 34.2 38.8 36.1 ± 2.0 

Orlando, FL Date 1/3/2018 5/6/2017 5/8/2016 12/17/2018  

 FPV Present/Absent Present Present Absent Present  

 Surface Area (m2) 1,1918.0 1,1127.0 1,1842.0 12,206.0 11,773.3 ± 458.5 
 Perimeter (m) 592.0 533.0 604.0 628.0 589.3 ± 40.4 
 Convex Area (m) 15,443.0 1,4214.0 1,5431.0 1,5891.0 15,244.8 ± 719.7 
 Convex Perimeter (m) 473.0 454.0 473.0 480.0 470.0 ± 11.2 
 Major Axis (m) 173.0 167.0 176.0 176.0 173 ± 4.2 
 Minor Axis (m) 124.0 120.0 122.0 123.0 122.3 ± 1.7 
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