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Summary 13 
 14 
This paper develops a meteorological site selection algorithm to quantify the electricity generation potential 15 
of floating solar design configurations on alpine water bodies in Switzerland. Using European power market 16 
demand patterns, we estimate the technical and economic potential of 82 prospective high-altitude floating 17 
solar sites co-located with existing Swiss hydropower. We demonstrate that the amount of solar energy 18 
radiating on high-altitude Swiss water bodies could meet total national electricity demand while significantly 19 
reducing carbon emissions and addressing seasonal supply/demand deficits. We construct a global map 20 
overlaying sites on each continent where high-altitude floating solar could provide low-carbon, land-sparing 21 
electricity. Our results present compelling motivation to develop alpine floating solar installations. However, 22 
significant innovations are still needed to couple floating solar with existing hydropower operations or low-23 
cost energy storage. As the industry matures, high-altitude floating solar technology could become a high-24 
value, low-carbon electricity source. 25 
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1. Introduction 29 
 30 
Global climate change requires increased urgency and attention in the energy sector to develop low-carbon 31 
electricity supply options that can dramatically reduce carbon dioxide (CO2) emissions (Hansen et al., 32 
2016). Across Europe, small countries without large available land resources have developed stringent 33 
policies to decarbonize their power sectors, while also operating in a space where land is limited for 34 
greenfield electricity system development. 35 
 36 
In particular, Switzerland has committed to transition to a clean, net-zero emissions energy system by 2050. 37 
Phasing out nuclear power will create an electricity supply gap of nearly 24.4 TWh, implying that without 38 
changes in electricity demand, countries such as Switzerland must look to alternative generation options 39 
(Swiss Federal Office of Energy, 2018). The number of choices are few – hydropower is facing financial 40 
and climate-induced risk due to hydrologic variability and uncertainty due to drought, utility-scale solar 41 
requires large land areas, distributed generation requires public buy-in and acceptance, and wind turbines 42 
are often located offshore. Therefore, high-altitude land areas could offer promising alternatives to meet 43 
carbon goals, reduce land-use intensity of energy, and take advantage of existing electricity infrastructure, 44 
which is costly and often requires long lead-times to build. These systems can also allow existing 45 
hydropower to continue to provide flood control or other services to minimize harm from extreme hydrologic 46 
events. 47 
 48 
High-altitude solar sites generally benefit from greater electricity generation potential due to lower radiation 49 
extinction and the high reflectance of snow (Blumthaler, 2012). Assuming standard operating conditions, 50 
the altitude effect alone can increase solar power output by 270% within Earth’s altitude range (Figure 1 – 51 
left). Solar panel efficiency also increases significantly at high altitude due to low temperatures (Chitturi et 52 
al., 2018), with a linear relationship between temperature decrease and efficiency boost (Dubey et al., 53 
2013). In practice, a 10% increase in efficiency can be achieved by decreasing solar cell temperature by 54 
25°C (Figure 1 – right). Given the land area requirement to match utility-scale solar production, the use of 55 
water bodies is a low-impact alternative to building traditional ground-mounted solar installations in 56 
mountainous terrain. 57 
 58 

 59 

Figure 1. Altitude and temperature effects on solar electricity generation. Left: Altitude effect for annual 60 
solar power production assuming standard operating conditions. Values are taken from (Aglietti et al., 61 
2009). Right: Temperature effect on normalized power output for a current commercial solar cell. Values 62 
are taken from (Jinko Solar Team, 2021). 63 

 64 
Floating solar technology allows for new opportunities to increase solar capacity, especially in countries 65 
with a high opportunity cost of land (World Bank Group, 2019; Clemons et al., 2021). Floating systems 66 
boast multiple benefits compared to ground installation, including increased system efficiency due to the 67 
natural cooling effect of water, which can decrease operating temperatures by as much as 8°C compared 68 
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 3 

to an adjacent ground-mounted system (Campana et al., 2019; Sukarso et al., 2020). Floating arrays also 69 
diminish the need for major land preparation and allow for highly modular and reversible systems, implying 70 
less environmental impact than ground-mounted installations (Cazzaniga et al., 2019). Moreover, floating 71 
solar arrays have reduced evaporation on the surface covered by floating PV, sparing water resources 72 
(Ranjbaran et al., 2019). One study found 10% of surface water coverage would increase hydro generation 73 
as well by reducing evaporation by 70% on the covered area (Quaranta et al., 2021). Other assessments 74 
distinguish between the reduction in evaporation rate by type of floating solar system – with suspended 75 
systems reducing evaporation by 18%, systems fully floating on the water surface at 49%, and flexible boat 76 
models reducing the evaporation rate by 42% (Scavo et al., 2021). Costs for floating arrays are slightly 77 
higher than ground-mounted panels but are expected to decrease as production processes mature (World 78 
Bank Group, 2019). Installing solar PV systems on the downstream face of dams has also been proposed 79 
for suitability (Kougias et al., 2016). Globally, installed capacity of floating solar has approached exponential 80 
growth since 2012 (Figure 2), expanding from 5 MWp in 2013 to 1.1 GWp in September 2018 (World Bank 81 
Group, 2019). Robust floating systems capable of dealing with variable depths and harsh conditions have 82 
recently become available as standard products (Ciel & Terre International, 2019), warranting further 83 
analysis for larger scale adoption. 84 
 85 

 86 

Figure 2. Yearly development of cumulative global installed floating solar capacity. Values are taken 87 
from (World Bank Group, 2019). 88 

 89 
Consistently providing renewable electricity to satisfy variable demand remains a major technological and 90 
behavioral challenge (Davis et al., 2018). Switzerland already faces a significant temporal mismatch 91 
between demand and supply with a large winter electricity supply deficit. Current research indicates that 92 
Swiss electricity demand can fully be addressed by substituting nuclear output with a solar or low-carbon 93 
electricity dominated portfolio. Land-use planning and access to new affordable real estate have been 94 
identified as key barriers to the required large-scale increase in solar capacity that may come from utility-95 
scale solar (Bartlett et al., 2018). Furthermore, Swiss solar power production is typically high in summer 96 
when demand is low and insufficient in winter when electricity is most needed, with recent findings showing 97 
that mountain installations combined with higher tilt angles are suitable for rectifying this mismatch (Kahl et 98 
al., 2019). 99 
 100 
Existing dam reservoirs often store critical water supplies and floating solar panels can offer benefits to 101 
water storage. The large number of hydropower facilities in the Swiss Alps offers existing grid connections 102 
and integration infrastructure with shared inverters and substations – a key element of net-zero emissions 103 
energy systems (Davis et al., 2018; Shan et al., 2022). The potential for combined floating solar and 104 
hydropower systems is estimated at the terawatt scale globally (Lee et al., 2020), but this analysis has 105 
focused on Switzerland in particular, where high-altitude hydropower reservoirs warrant further study. To 106 
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address these gaps, our study quantifies the technical and economic potential of emerging floating solar 107 
technology on Swiss high-altitude water bodies. 108 
 109 
2. Literature Review 110 
 111 
Previous research identifies temporal mismatches between producing solar electricity and demand 112 
consumption in Switzerland (Bartlett et al., 2018). This study provides a methodology to calculate the 113 
potential electricity generation from high-altitude floating solar sites, based off geographical characteristics 114 
and panel attitude. To date, no study has evaluated how the electricity produced from floating solar PV can 115 
be incorporated with Swiss electricity supply and demand patterns and the impact on seasonal mismatches. 116 
This study evaluates the extent to which high-altitude floating solar resolves seasonal mismatches in supply 117 
and demand. Recent studies demonstrate the considerable potential of solar installation in the Swiss alps; 118 
however, these insights have not been applied to floating solar cases (Kahl et al., 2019). This study 119 
addresses this gap and applies these insights for floating solar. Many mountainous stretches remain difficult 120 
to reach, making it challenging to exploit such solar resources – thus our new research provides a feasibility 121 
test to determine whether existing dam reservoirs and transmission system interconnections are accessible 122 
for construction. Previous work has not evaluated the potential along water bodies, and has only considered 123 
land-based PV systems. In this study, we also develop a bottom-up approach to determine electricity 124 
generation potential that can be applied in other countries with high altitudes and existing hydropower dam 125 
reservoirs. Previously, these infrastructure systems have not been systematically globally evaluated for 126 
potential inclusion. These efforts will bridge a knowledge gap and provide new methods for studies across 127 
other countries seeking to mitigate seasonal electricity supply and demand mismatch challenges. This 128 
paper contributes to a new body of knowledge about the effects of altitude on floating solar generation 129 
potential. This research makes both an applied and methodological contribution to the body of knowledge 130 
on floating solar PV technology – its generation potential, application, and economic viability. 131 
 132 
Other studies have evaluated the interplay between solar, wind, and pumped hydropower storage for 133 
Switzerland and noted the value of existing hydropower resources for power grid balancing (Dujardin et al., 134 
2017; Kittner et al., 2021). In addition, further work explores the correlation between high-altitude solar and 135 
typical electricity demand patterns (Kahl et al., 2019). This study synthesizes the concepts of the 136 
technological interplay and complementarities arising from mountain-based solar and existing hydropower 137 
reservoirs that serve as storage or generation. Standalone and hybrid solar-hydropower storage systems 138 
have been evaluated for their optimal sizes (Xu et al., 2020; Li et al., 2018). Previously, most studies that 139 
evaluated feasibility or complementarity of hybrid solar PV / pumped hydropower storage have done so for 140 
very small-scale systems (Kougias et al., 2016; Kittner et al., 2016; Jurasz et al., 2018a; Jurasz et al., 141 
2018b). However, in this paper we want to test whether there is potential – both technically and 142 
economically viable sites to increase solar generation by utilizing high-altitude mountainous reservoir sites. 143 
Previous studies identify that solar may be limited in contributing to a hybrid system – however, that could 144 
be more a function of the timing of the resource than the resource itself (Kahl et al., 2019). In this paper, 145 
we also match the generation profile of solar with typical Swiss electricity demand to estimate not only solar 146 
power output, but also timing in an approach that can be replicated for other countries and world regions. 147 
This would be a highly valuable knowledge gap for countries who are considering a phase-out of traditional 148 
electricity resources such as large-scale nuclear, coal, or hydropower and need to replace reliable electricity 149 
with a more stable resource than standalone ground-mounted solar. Our study adds value by developing a 150 
bottom-up approach to estimate solar electricity generation using a physical model that incorporates high-151 
resolution meteorological data and analyzes the economic prospects of such a venture to play a significant 152 
role in power generation. As a result, we find that large-scale high-altitude floating solar power can 153 
significantly contribute to solving Switzerland’s capacity expansion problem – with numerous similar 154 
potential applications worldwide. 155 
 156 
3. Materials and Methods 157 
 158 
Our analysis assesses both the technical and economic potential of high-altitude floating solar technology 159 
by developing a bottom-up modeling tool that combines high-resolution meteorological data with a physical 160 
solar model to determine electricity generation across different water bodies. Solar power is intermittent by 161 
nature and can vary significantly even over short periods of time – not only due to day/night cycles, but also 162 
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 5 

due to varying meteorological conditions such as cloud cover and the presence of snow (Kahl et al., 2019). 163 
National electricity production and consumption also fluctuate greatly over the course of any given day 164 
(Swissgrid, 2018). We generate expected electricity production profiles in 30-minute resolution. A sample 165 
of 82 high-altitude water bodies in the Swiss alps are examined – serving as a case study with applicable 166 
results for water bodies with similar geographic properties. Key data sets were sourced from the 167 
EUMETSAT Satellite Application Facility on Climate Modelling (CMSAF) (Pfeiroth, et al., 2019; Karlsson et 168 
al., 2019), and the European Network of Transmission System Operators for Electricity (ENTSO-E) 169 
(ENTSO-E Transparency Platform, 2019). To establish our sample of potential floating solar sites, Swiss 170 
water body data was sourced directly from the Swiss Federal Office of Topography swisstopo (swisstopo) 171 
via their interactive map of official survey and geological data sets (swisstopo, 2019), while the associated 172 
Swiss hydropower plant data was retrieved from the yearly hydro statistics report published by the Swiss 173 
Federal Office of Energy (Swiss Federal Office of Energy, 2019). To calculate historic generation profiles, 174 
solar position was computed via Pysolar – a python implementation of the Solar Position Algorithm (Pysolar, 175 
2019) – with the rest of our high-resolution climate data being provided by the EUMETSAT Satellite 176 
Application Facility on Climate Monitoring (CMSAF) (Pfeiroth, et al., 2019; Karlsson et al., 2019). To analyze 177 
the Swiss electricity supply/demand mismatch, high-resolution data on total Swiss electricity consumption 178 
and production was retrieved from Swissgrid, the Swiss transmission system operator (Swissgrid, 2018). 179 
For our revenue analysis, Swiss electricity price data was sourced from the European Network of 180 
Transmission System Operators for Electricity (ENTSO-E) (ENTSO-E Transparency Platform, 2019). 181 
Finally, Swiss grid carbon intensity data for our CO2-offset analysis was retrieved from an ETH Zürich study 182 
distributed by the Swiss Federal Laboratories for Materials Science and Technology (EMPA) (Chevrier et 183 
al., 2019). Further documentation can be found in the SI Appendix. 184 

3.1 Model Implementation – HASPR Research Environment 185 
 186 
Our analysis is based on a combination of water body data and meteorological data from which historic 187 
generation profiles are obtained in 30-minute resolution for conceivable floating solar sites. Historic 188 
generation profiles subsequently serve as input for further analyses as presented in Figure 3. 189 
 190 
 191 

 192 

Figure 3. Overview of our methodology based on generation profiles of individual sites. 193 

 194 
We first screen water body data that fulfills our selection criteria using WGS84 coordinates, altitude, surface 195 
area, and minimum distance between shore and official road. The database includes hydropower 196 
information such as coordinates, associated water bodies, plant type, operational status, year built, installed 197 
turbine power, installed pump power, average energy production, and storage levels. The database also 198 
consists of grid connection data such as power line location and distance to nearest substation. 199 
 200 
The screened sites are then combined with meteorological data such as surface incoming shortwave 201 
irradiance (W/m2) and surface incoming direct irradiance (W/m2) at 30-minute resolution, surface albedo 202 
(%) at 5-day resolution, and solar position (altitude, azimuth). All meteorological data comes from CMSAF 203 
(Pfeiroth, et al., 2019; Karlsson et al., 2019), but our implementation can utilize other data sources as long 204 
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 6 

as the user inputs 30-minute surface incoming shortwave and direct irradiance along with 5-day surface 205 
albedo data. 206 
 207 
We created the High-Altitude Solar Power Research python suite (HASPR) to implement the models 208 
described herein. HASPR operates in two parts. The first part calculates electricity generation profiles for 209 
sets of latitude and longitude coordinates at a temporal resolution of 30-minutes. This is computationally 210 
expensive, especially when optimizing panel tilt angle and azimuth across different locations and weather 211 
inputs. Therefore, HASPR is designed to perform this step using a high-performance computer. The second 212 
part of the suite is designed to be executed on a typical local machine and consists of scripts to run analytics 213 
on generation profile data. HASPR grants users the ability to model the output of solar arrays given high-214 
resolution meteorological data and the coordinates of sites of interest. Documentation of the code and its 215 
use can be found in the SI Appendix (HASPR Python Suite – Readme). 216 
 217 
 218 

3.2 Systematic Water Body Selection 219 
 220 
Building industrial-scale power facilities in the mountains can be very expensive and difficult. To obtain a 221 
conservative lower bound for the potential of utility-scale high-altitude floating solar power in Switzerland, 222 
we focus on lakes with existing road access and nearby power infrastructure. This implies significantly lower 223 
construction costs, especially if the system’s output can be connected to the low-voltage side of existing 224 
grid-scale transformers, thereby eliminating the need to construct utility-grade transformers and surge-225 
protection systems. Due to the variability of solar power, coupling floating solar sites with a storage system 226 
such as pumped hydro is crucial (Ranjbaran et al., 2019). Given the large number of dams and storage 227 
hydro plants in the Swiss mountains, we selected sites associated with existing hydropower installations to 228 
obtain a sample of water bodies with the characteristics outlined above. 1000 m is used as a high-altitude 229 
threshold. This is in line with data from the Cloudnet project’s measurements at Chilbolton Observatory, 230 
U.K. depicted in (Aglietti et al., 2009), which suggests that the majority of extinction under actual 231 
atmospheric conditions occurs below 1000 m of altitude above sea level. Our sample encompasses all 232 
dammed water bodies in Switzerland above this threshold which are associated with storage or pumped-233 
storage hydro facilities. Since we are estimating the potential for utility-scale installations, water bodies with 234 
surface areas less than 1000 m2 are excluded (Swiss average irradiance per square meter above 1000 m 235 
indicates that their contributions would not be significant enough to warrant a utility-scale site’s installation 236 
and maintenance costs). This exclusion also limits our sample, allowing us to better express a conservative 237 
baseline for the technology. Only dammed water bodies are considered since it is likely that disturbing 238 
pristine natural lakes would face heavier barriers to construction than building on artificial water bodies. As 239 
a result of these filters, our sample allows us to obtain a realistic lower bound to conservatively estimate 240 
the potential of floating solar power in the Swiss alps.  241 
 242 
The explicit criteria for adding a water body to our list of potential Swiss high-altitude floating solar sites are 243 
presented below: 244 
 245 
 Criterion 1: Water body is entirely in Switzerland 246 
 Criterion 2: Water body is associated with a storage or pumped-storage hydro facility 247 
 Criterion 3: Water body altitude is greater than 1000 m 248 
 Criterion 4: Surface area of water body is greater than 1000 m2 249 
 Criterion 5: Water body is dammed 250 
 251 
The Swiss hydro statistics data set we use provides us with a list of all hydro installations with a capacity 252 
above 300 kW – complete with coordinates, plant types, and associated water bodies (Swiss Federal Office 253 
of Energy, 2019). Systematically processing each data point in the hydro statistics data set, the associated 254 
water bodies were added to our list of potential sites if all five criteria were met. Criterion 2 was automatically 255 
fulfilled given our search method. The model assumes the existing hydro facility could support extra 256 
generation. Typically, floating solar PV stations would operate at times when hydropower is not necessarily 257 
running, so the likely output would not exceed an existing facility. Once a water body associated with a 258 
storage or pumped-storage hydro facility had been identified, criterion 1 and criterion 3 were tested by 259 
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 7 

reading directly from swisstopo’s interactive map (swisstopo, 2019). Surface area data was acquired by 260 
using the map’s VECTOR25 Primary surfaces overlay while the location of dams was determined by 261 
overlaying the dams under federal supervision data set. Site coordinates were collected by right-clicking 262 
roughly in the geometric center of the water body to display point information. A rough estimate of the lake’s 263 
center suffices as our meteorological data sets are pixelated with a spatial resolution of roughly 5 km. 264 
 265 
The described selection process results in a sample of 82 potential sites for high-altitude floating solar 266 
power production in Switzerland. In the SI Appendix, a summary of our sample is presented along with a 267 
full breakdown including site IDs, names, coordinates, altitudes, surface areas, associated hydro facilities, 268 
and further attributes (Table S3A, S3B). 269 
 270 
Exclusively considering water bodies at altitudes above 1000 meters and with surface areas greater than 271 
1000 square meters, our sample consists of 82 high-altitude water bodies in Switzerland with an average 272 
surface area of 0.61 square kilometers (total surface area: 50.1 sq. km) and an average altitude of 1783 273 
meters, representing a feasible baseline of high-altitude floating solar sites with hydropower integration 274 
options. Figure 4 presents the locations of the sites in our sample along with Swiss agglomerations to 275 
illustrate distances to electricity demand centers.  Associated utility-scale hydro facilities provide grid 276 
connections (substations and 380 kV / 220 kV lines) allowing for electricity distribution on a national scale. 277 
In this case, for Switzerland, we can assume that grid transmission loss is negligible. 278 
 279 

 280 

Figure 4: Location of the 82 water bodies in our Swiss sample (black dots). Areas shaded in blue 281 
represent agglomerations, with data taken from (swisstopo, 2019). 282 

 283 

3.3 Technical Generation Potential calculated with a high-resolution Plane of Array (POA) model 284 
 285 
A generation profile expresses the electricity output over time of a potential floating solar site. The primary 286 
factor in determining the output of a solar power system is the level of incoming solar radiation (Antonanzas 287 
et al., 2016). Consequently, our approach calculates expected generation profiles for each site in our 288 
sample based on the most recent 10 years of available historic radiation data. Climate data records provided 289 
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 8 

by CMSAF were used due to their high temporal resolution (30 minutes for radiation data) as well as their 290 
extensive validation and calibration, as described in (Pfeiroth et al., 2019). 291 

 292 
Panel position has a significant influence on the power generated by floating solar arrays (Cazzaniga et al., 293 
2019). Similar to ground-mounted solar plants, floating solar systems exist in a variety of design 294 
configurations ranging from fixed-position systems to solar tracking designs (Ranjbaran et al., 2019). To 295 
present and compare results for multiple system types, we calculate generation profiles for five panel 296 
position cases – ranging from flat panels to solar tracking designs. 297 
 298 
3.4 Modelling Historic Generation Profiles 299 
 300 
The HASPR suite optimizes panel tilt and azimuth angles based on latitude and longitude coordinates and 301 
weather data. The model estimates optimal generation profiles based on ten years of historical weather 302 
patterns for each given site – maximizing electricity production either for the entire year or for winter 303 
(November-April). This tool and methodology can be applied for any latitude and longitude location. 304 
 305 
Solar energy harnessed by a panel can be broken down into three components: the energy from the direct 306 
beam (direct component), the energy from all the scattered beams in the sky (diffuse component), and 307 
finally the beams reflected from the ground (ground-reflected component) (Kahl et al., 2019; Kern & Harris, 308 
1975). We assume that the diffuse radiation is isotropic, meaning that the scattered beams are evenly 309 
distributed over the hemisphere in question for simplicity and to make our results comparable to existing 310 
high-altitude PV studies (Kahl et al., 2019).  There may be some limitations due to anisotropy of snow 311 
reflectance with grain size, zenith angle, wavelength, and snow wetness, and further work could account 312 
for alternative transposition models such as Perez4 (Yang, 2016). Isotropic Plane of Array (POA) models 313 
are suitable for determining baseline energy production – calculating panel output by projecting multiple 314 
incoming components onto a vector which is perpendicular to the panel’s surface (Lave et al., 2015). 315 
Multiplying the resulting incoming solar energy per square meter by the system’s efficiency yields the 316 
amount of electricity generated per unit of surface area. This process is described in Equation 1 and 317 
Equation 2, where η represents system efficiency. 318 
 319 
 320 

𝐸𝑃𝑂𝐴 = 𝐸𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐸𝑑𝑖𝑓𝑓𝑢𝑠𝑒 + 𝐸𝑔𝑟𝑜𝑢𝑛𝑑−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑   (1) 321 

 322 

𝐸𝑜𝑢𝑡 = 𝜂 ∙ 𝐸𝑃𝑂𝐴       (2) 323 

 324 
The first term in Equation 1 denotes the projection of the direct beam onto the panel normal vector. We 325 
define α as the angle between these two vectors, 𝜃𝑍 as the solar zenith angle and use the Surface Incoming 326 
Direct (SID) irradiance for one horizontal square meter to rewrite the direct component as shown in 327 
Equation 3. The cosine of α can be determined by transforming the current solar position and panel latitude 328 
from two points in spherical coordinates to two vectors in cartesian space. Since we are only interested in 329 
the angle, assuming both vectors have an amplitude of 1 allows us to determine the cosine of α via their 330 
scalar product. The result is presented in Equation 4, where 𝛾 represents solar azimuth, β is the panel tilt, 331 
and 𝛾𝑃 denotes panel azimuth. If the sun is behind the panel (cos(𝛼) < 0), we set 𝐸𝑑𝑖𝑟𝑒𝑐𝑡 to zero. A geometric 332 
representation is shown in Figure 5. 333 
 334 
 335 

𝐸𝑑𝑖𝑟𝑒𝑐𝑡 =
𝑆𝐼𝐷

cos  (𝜃𝑍)
∙ cos(𝛼)      (3) 336 

 337 

cos(𝛼) = sin(𝛾) ∙ cos(𝛾) ∙ sin(𝛽) ∙ cos(𝛾
𝑃
) 338 
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      + sin(𝛾) ∙ sin(𝛾) ∙ sin(𝛽) ∙ sin(𝛾
𝑃
)      (4) 339 

+ cos(𝜃𝑍) ∙ cos(𝛽) 340 

 341 

 342 
Figure 5. Geometric diagram to obtain projection of direct component onto panel normal vector as 343 
described in Equations 3 and 4. 344 

 345 
 346 
The second term in Equation 1 represents the projection of all scattered beams onto the panel normal 347 
vector. To express this term assuming isotropic diffuse radiation, we multiply the Surface Incoming Diffuse 348 
irradiance for one horizontal square meter (SIDIFF) by a sky view factor as described in (Hay, 1993). 349 
Equation 5 presents the result. 350 
 351 
 352 

𝐸𝑑𝑖𝑓𝑓𝑢𝑠𝑒 = 𝑆𝐼𝐷𝐼𝐹𝐹 ∙ (
1+cos(𝛽)

2
)                     (5) 353 

 354 
The energy from beams reflected off the ground and nearby surfaces is represented by the third and final 355 
term in Equation 1. We assume that the reflection is isotropic, allowing us to use a ground view factor 356 
combined with the surface albedo (ρ𝑠𝑢𝑟𝑓𝑎𝑐𝑒) and Surface Incoming Shortwave irradiance for one horizontal 357 
square meter (SIS) as presented in (Hay, 1993). The resulting expression for the ground-reflected 358 
component is shown in Equation 6. 359 
 360 
 361 

𝐸𝑔𝑟𝑜𝑢𝑛𝑑−𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 = 𝑆𝐼𝑆 ∙ 𝜌𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ∙ (
1−cos(𝛽)

2
)                   (6) 362 

 363 
 364 

Although three radiation data sets are mentioned in our model’s equations, only two are necessary to collect 365 
since SIS is defined as the sum of SID and SIDIFF (Pfeiroth et al., 2019). 366 

SIS and SID data sets were retrieved at a temporal resolution of 30 minutes for the years 2008-2017. 367 
However, the maximum resolution provided by CMSAF for surface albedo is 5 days with values only until 368 
the end of the year 2015. To obtain historic generation profiles in 30-minute resolution, we take the average 369 
of the 5-day surface albedo over the years 2006-2015 at the coordinates in question. Solar altitude and 370 
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 10 

azimuth are calculated for every time step via Pysolar (Pysolar, 2019) (with 𝜃𝑍 = 90° – solar altitude) and 371 
panel position parameters were set for each case as outlined below: 372 

 373 

Case 1: Flat panels 374 

• β=0, implying that 𝐸𝑃𝑂𝐴 = 𝑆𝐼𝑆 375 
 376 

Case 2: Tracking panels 377 

• At every time step, β=𝜃𝑍 and 𝛾𝑃= 𝛾 378 
 379 

Cases 3 & 4: Fixed panels with 12-degree tilt 380 

These cases represent the standard configuration of the current floating solar market leader 381 
(Ciel & Terre International, 2019). Brute-force with an increment of 10 degrees was used 382 
to optimize 𝛾𝑃 with β=12 for both winter production (November-April, Case 3) and total 383 
production (Case 4) for the year 2017, representing the most recent available radiation 384 
data. 385 

Case 5: Fixed panels with tilt between 30 and 65 degrees, optimized for winter 386 

The configuration needed to maximize winter production with high-altitude fixed panels in 387 
Switzerland entails setting the tilt between 30 and 65 degrees (Kahl et al., 2019). For this 388 
case, we used brute-force to optimize 𝛾𝑃 (increment = 10 degrees) and optimized β 389 
between 30 and 65 degrees (increment = 5 degrees). The optimization was run for the year 390 
2017, maximizing winter output (November-April). 391 

   392 

Historic generation profiles were calculated for every water body in our sample, for all five panel position 393 
cases, and for all 10 years between 01.01.2008 and 31.12.2017. As a baseline, system efficiency was set 394 
to 15%, as applied in (Kahl et al., 2019). It should be noted that, given our model, power generation is linear 395 
with respect to system efficiency, allowing for simple extrapolation of our results to other panel efficiency 396 
values – for example, to identify upper bound limits as future panels increase in conversion efficiency. 397 
 398 
3.5 Calculating Expected Generation Profiles 399 
 400 
Given 10 years of historic generation output, we calculate the expected yearly generation profile per square 401 
meter for each site by averaging the historic values at every time step according to Equation 7, where 402 
�̂�𝑖,𝑇=𝑡 is the expected generation per square meter for site i at time step t and 𝑔𝑖,𝑇=𝑡 is the corresponding 403 
historic generation per square meter. For consistency, leap days are disregarded. 404 
 405 
Due to the intermittent nature of solar power, it is desirable to obtain insights on the variability and 406 
uncertainty of electricity production. For our analysis, we determine a lower bound for 30-minute site output 407 
at 95% confidence by adding a noise term to Equation 7. To achieve this, output is modelled as the 408 
expected value of a stochastic variable following a normal distribution centered around the average historic 409 
production and with a variance equal to the variance in historic generation for the corresponding time step 410 
as expressed in Equation 8, where 𝜎𝑖,𝑇=𝑡

2  is the variance in historic output per square meter of site i at time 411 
step t. The noise term is used solely to determine lower bounds as its use to determine expected output 412 
could falsely add power from the tails of the distribution. Equation 8 is consistent with Equation 7 as the 413 
expected value of the normal distribution simply equals its mean. 414 
 415 
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 416 

�̂�𝑖,𝑇=𝑡 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝑔𝑖,𝑇=𝑡)      (7) 417 

 418 

�̂�𝑖,𝑇=𝑡 = 𝐸[𝑛𝑖,𝑇=𝑡] , 𝑤ℎ𝑒𝑟𝑒 𝑛𝑖,𝑇=𝑡~𝑁(𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝑔𝑖,𝑇=𝑡), 𝜎𝑖,𝑇=𝑡
2 ) (8) 419 

 420 
Our implementation of these calculations produces yearly expected generation profiles in 30-minute 421 
resolution along with the lower bound (95% confidence), the variance, and the normalized variance (equal 422 
to variance divided by expected output), and contribution breakdowns at each time step for direct, diffuse, 423 
and reflected irradiation. 424 
 425 
3.6 Aggregation of Individual Generation Profiles 426 
 427 
Historic and expected generation profiles compute the electricity generated at individual sites in terms of 428 
energy per square meter. Multiplying by the respective panel surface area results in the actual energy 429 
produced. To gain insight on the potential electricity production of our entire water body sample, we take 430 
the sum of the expected energy generation across all sites. This calculation is expressed in Equation 9, 431 
where 𝐺𝑇=𝑡 denotes the electrical energy generation across the entire sample at time step t and 𝑃𝑆𝐴𝑖 is the 432 
panel surface area at site i. To obtain a range of results, 𝑃𝑆𝐴𝑖 was set to various percentages of the 433 
corresponding water body’s surface area.  434 
 435 
 436 

𝐺𝑇=𝑡 = ∑ (𝑔𝑖,𝑇=𝑡 ∙ 𝑃𝑆𝐴𝑖)𝑖       (9) 437 

 438 
 439 

3.7 Measuring the Temporal Supply/Demand Mismatch 440 
 441 
We measure the Swiss electricity supply/demand mismatch at a given point in time by taking the difference 442 
between total electrical energy production and total electrical energy consumption in the Swiss control 443 
block. If consumption is greater than production, the difference needs to be imported from neighboring 444 
countries. To quantify the extent to which high-altitude floating solar power can address the Swiss domestic 445 
supply/demand mismatch, we determine the amount of these imports which could be offset given aggregate 446 
expected generation profiles for each of our panel position cases under various surface coverage scenarios. 447 

 448 
The data needed for this analysis is available in 15-minute resolution from (Swissgrid, 2019), allowing us 449 
to compare the mismatch with aggregated generation profiles in 30-minute resolution by summing the 450 
difference between production and consumption in half-hour steps. 2018 data is used to represent the most 451 
recent values available for an entire year. For reference, the resulting mismatch between Swiss electricity 452 
consumption and production is presented in Figure 6. During the summer, excess electricity from floating 453 
solar can be sold abroad into European electricity markets if there is surplus generation. 454 
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 455 

Figure 6. Swiss temporal mismatch between electricity supply and demand in 2018 (15-minute 456 
resolution) with black data points representing insufficient domestic supply. Values are based on data 457 
from (Swissgrid, 2019). 458 

 459 
3.8 Measuring CO2 Offset Potential 460 
 461 
To gain insight on the positive environmental effects of installing high-altitude floating solar power in 462 
Switzerland, we estimate the amount of CO2-equivalent greenhouse gas emissions which could be offset 463 
for various aggregate generation profiles. Given the hourly intensity of CO2-equivalent emissions for the 464 
Swiss electrical grid from (Chevrier et al., 2019), we multiply the emission values per unit of energy by the 465 
hourly floating solar output to obtain the CO2-equivalent offset if floating solar power is used as a substitute 466 
for current non-zero emissions energy sources – assuming the power is sold at the time of generation. To 467 
put the results into perspective, we compare the offset with annual European CO2 emissions from coal 468 
power with data provided in (US EIA, 2019). 469 
 470 
3.9 Revenue Analysis via the Swiss Wholesale Market 471 
 472 
Our bottom-up analysis of the market potential of high-altitude floating solar in Switzerland requires us to 473 
compute the potential revenue of each site in our sample. To determine the revenue potential without 474 
government intervention, subsidies and feed-in tariffs are not considered. Instead, we calculate the 475 
corresponding revenue profile for a given generation profile by assuming that power is sold at the time of 476 
production on the Swiss wholesale market, for which hourly prices are provided for the years 2015-2018 in 477 
(ENTSO-E Transparency Platform, 2019). To sell power on this market, bids must be defined for hourly 478 
slots in increments of 0.1 MWh (Abrell, 2019). We therefore round the generation over a given slot down to 479 
the nearest 0.1 MWh to determine bid revenue. Equation 10 expresses the revenue calculation for one 480 
site, where 𝐵𝑖 represents the bid revenue for site i over the year in question and 𝑝𝑟𝑖𝑐𝑒𝑡 denotes the slot 481 
price at time t. Values for expected revenue were calculated by averaging the results over the period 2015-482 
2018. 483 
 484 
 485 

𝐵𝑖 = ∑ (𝑟𝑜𝑢𝑛𝑑_𝑑𝑜𝑤𝑛(∑ 𝑔𝑖,𝑇=𝑢 ∙ 𝑃𝑆𝐴𝑖𝑢∈[𝑡,𝑡+1ℎ] , 0.1𝑀𝑊ℎ) ∙ 𝑝𝑟𝑖𝑐𝑒𝑡)𝑡∈𝑦𝑒𝑎𝑟  (10) 486 

 487 
 488 
For the sake of analysis, our implementation of the revenue calculation also outputs the total unsold power 489 
for each slot in addition to the total potential revenue if all generated power was sold – for example through 490 
the coupling of floating solar output with a non-intermittent electricity source. 491 
 492 
3.10 Estimating Site Costs 493 
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 494 
Site costs are modelled as the sum of upfront construction costs (capital costs) and a yearly Operations 495 
and Maintenance (O&M) cost equal to a percentage of the initial investment. The resulting cumulative cost 496 
is expressed in Equation 11, where CC represents the capital costs, OM% denotes the O&M percentage, 497 
and L is the lifetime of the system in years. 498 
 499 
 500 

𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒_𝑐𝑜𝑠𝑡𝑦𝑒𝑎𝑟 𝑦 = 𝐶𝐶 ∙ (1 + 𝑦 ∙ 𝑂𝑀%), 𝑓𝑜𝑟 𝑦 = 1 𝑡𝑜 𝐿  (11) 501 

 502 
Three sources were used to estimate the current capital costs of utility-scale floating solar sites in 503 
Switzerland: the most recent World Bank report on the global floating solar market (World Bank Group, 504 
2019), Campana et al. (2019) on the topic of optimizing and assessing floating solar systems, and a 2018 505 
study on the use of floating solar plants in coordination with hydropower (Silvério et al., 2018). System costs 506 
are expressed per watt-peak (Wp), which denotes the output of a site under standard test conditions – 507 
defined at 25 ºC with an air mass coefficient of 1.5 and where the total incoming radiation on the panel 508 
equals 1000 watts per square meter (Er et al., 2018). For simplicity, we assume a standard system 509 
efficiency of 15%, resulting in 150 Wp per square meter. Multiplying this value by the panel surface area of 510 
the respective site yields the power rating in Wp from which we determine capital costs. The SI Appendix 511 
contains a summary of the values retrieved from our three sources and their conversion to CHF/Wp (Tables 512 
S5 and S6). We average these values to establish a capital cost of 1.43 CHF/Wp for floating solar arrays 513 
with flat panels (Case 1). 514 
 515 
Capital costs rise for floating platforms and anchoring systems as panel tilt increases (Silvério et al., 2018). 516 
Therefore, to determine the upfront costs for Cases 3 and 4 (fixed tilt at 12 degrees), we calculate the 517 
marginal increase in cost per degree of tilt through a linear regression on data presented in (Silvério et al., 518 
2018) – resulting in an increase of 0.0187 CHF/Wp for each degree (R² = 0.98) and a total capital cost of 519 
1.65 CHF/Wp for these two cases. 520 
 521 
Due to harsh weather conditions in the Swiss alps, Cases 2 and 5 represent hypothetical systems for which 522 
no standard products exist, but we expect these configurations are feasible. We therefore exclude these 523 
cases from our bottom-up costs and investment profiles analyses and instead present their revenue and 524 
generation profiles as a motivation for further research and development, along with hypothetical 525 
investment profiles if these systems would be built at the same costs as 12-degree panels. 526 
 527 
To establish a baseline for the cost profiles of individual sites, yearly O&M costs were set to 2% of capital 528 
costs as is the case in the floating solar cost analysis presented in (Campana et al., 2019). This is a 529 
reasonable and conservative measure based on reviews of other existing floating solar installations 530 
(Spencer et al., 2018; Gorijan et al., 2020; Rosa-Clot & Tina, 2020). Spencer et al. 2018 document distinct 531 
cost advantages of leveraging existing transmission infrastructure for combined hydropower and floating 532 
solar power plants. The Longyangxia plant in Qinghai, China is an 850 MW floating solar PV plant on a 533 
1,280 MW hydropower reservoir with no solar curtailment and smooth generator output (Spencer et al., 534 
2018), denoting cost advantages unmet by ground-mounted utility-scale solar systems. 535 
 536 
3.11 Economic Viability Calculations – Levelized Cost of Electricity (LCOE) and Net Present Value 537 
(NPV) 538 
 539 
For all sites in our sample, we establish investment profiles by calculating the LCOE and the NPV under 540 
each of our investigated design configurations. LCOE was computed according to Equation 12, from 541 
(Darling et al., 2011), while Equation 13 describes our calculation of NPV. Descriptions of the relevant 542 
terms and parameters can be found in Table 1. 543 

Table 1. Description of terms and parameters used in LCOE and NPV calculations. 544 

 545 
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 546 

 547 

𝐿𝐶𝑂𝐸 =
𝐶𝐶 + ∑ (

𝐴𝑂

(1+𝐷𝑅)𝑛 − 
𝑅𝑉

(1+𝐷𝑅)𝑛)𝐿
𝑛=1

∑
𝐼𝑃∙(1−𝑆𝐷𝑅)𝑛

(1+𝐷𝑅)𝑛
𝐿
𝑛=1

     (12) 548 

 549 

𝑁𝑃𝑉 = −𝐶𝐶 + ∑
𝐶𝐹𝑛

(1+𝐷𝑅)𝑛
𝐿
𝑛=1 +

𝑅𝑉

(1+𝐷𝑅)𝐿                   (13) 550 

 551 
Our analysis assumes a system lifetime of 25 years, based on current available technology and typical 552 
values found in solar power literature (Quaranta et al., 2021; Khiareddine et al., 2018). To set the system 553 
degradation rate, we use results from a 2018 paper stating that reliability studies on floating solar technology 554 
have demonstrated rates below half a percent per year for performance loss (Kamuyu et al., 2018). 555 
Therefore, we assume a yearly degradation of 0.5% to conservatively estimate lifetime generation and 556 
revenue. 557 
 558 
Finally, we assume that the residual value of a floating solar site is equal to 10% of the initial project cost, 559 
as is the case in the analysis presented in (Silvério et al., 2018). Given the investment profiles for individual 560 
sites, aggregate profiles for each design configuration were determined by averaging LCOE and summing 561 
NPV, respectively. 562 
 563 
3.12 Model Limitations 564 
 565 
Generation profiles have been validated by comparing average annual output to published results. Our 566 
sample’s yearly average of 133 W/m2 is consistent with data presented in (Kahl et al., 2019) and confirms 567 
this study’s conservative approach. However, the primary limitation of our POA model lies in the spatial 568 
resolution of the meteorological data sets. At roughly 5 km, the pixel resolution is too low to take topographic 569 
shading into account for many of the water bodies, potentially distorting output results. Furthermore, the 570 
model’s assumptions of isotropic diffuse radiation and constant system efficiency (assuming no panel snow 571 
cover and temperature effects) limit the precision of the values presented herein. The SARAH data product 572 
used in the study does not explicitly discriminate between clouds and snow, which can underestimate 573 
irradiance in the winter. For a first-cut analysis, the differentiation would not dramatically alter the results, 574 
as one can see the majority of the electricity supply gap in Switzerland occurs in winter months (Figure 6). 575 
In addition, our models do not account for the accumulation of snow on floating panels. Instead, in this initial 576 
analysis, we present results which assume that snow cover is dealt with through operations and 577 
maintenance or that snow will slide off panels with high tilts. Further, ground-reflected solar irradiance is 578 
drastically reduced when panels are mounted in multiple rows. This model assumes an undisturbed view 579 
onto a flat ground with the albedo of the surrounding terrain. Finally, the future development of electricity 580 
prices has not been considered in this study. If prices fall, high-altitude floating solar may not be 581 
economically viable in Switzerland even if the cost targets we presented are achieved. 582 
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4. Results 583 
 584 
Individual results for each site depicted in Figure 4 have been established at 15% efficiency at different 585 
levels of surface area coverage. The SI Appendix includes high-resolution individual profiles and links to 586 
supporting documents (Table S1, HASPR readme). Supporting documents contain additional information 587 
for each water body, including site topography and locations of associated hydropower facilities (Table 588 
S3A-S3B). Tables S7 and S8 detail the annual output for different water bodies.  589 

 590 

4.1 National-Scale Technical Potential 591 

 592 

Conservative aggregate expected generation profiles over our sample of water bodies indicate that the 593 
amount of solar energy radiating on Swiss high-altitude lakes is substantial, with a total amounting to the 594 
equivalent of 86.7% of Swiss national electricity consumption for our sample and an annual average of 1.7 595 
MWh per square meter and over 700 GWh per water body per year. Expected annual output with 10% 596 
surface area coverage for each investigated system configuration is presented in Figure 7. Our results rate 597 
annual tracking output at roughly 1.4 times higher than flat panel output for floating solar in the Swiss alps. 598 
Our azimuth optimizations of fixed panels at a tilt of 12 degrees for total and winter output yielded very 599 
similar results, with over a quarter of the sites in our sample showing no azimuth deviation between 600 
seasonal optima. As a result, annual output with panels fixed at 12 degrees is roughly 1.06 times flat output 601 
for both cases. Yearly production for the total optimization is merely 0.06% higher than the output when 602 
optimized for winter, suggesting that fixed panels should always be optimized for winter production given 603 
the higher economic value of winter electricity in Switzerland. Finally, fixed panels optimized for winter 604 
output with a tilt between 35 and 60 degrees can produce 1.09 times flat production, with an average tilt of 605 
45.7 degrees. Total generation profiles under each investigated design configuration are presented in 606 
Figure 8. 607 

 608 

 609 

Figure 7: Expected annual output across all 82 water bodies in our sample under various panel 610 
configurations. Values assume 10% of surface area is covered by panels operating at 15% efficiency. 611 

 612 

 613 
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 614 

 615 
Figure 8: Results for multiple design configurations assuming panel surface area equals 10% of the 616 
respective water body’s surface area and 15% efficiency. Left: Total expected floating solar output. 617 
Right: Potential total revenue profiles assuming power is sold at the time of generation on the Swiss 618 
wholesale market. 619 

 620 
 621 
With 100% surface area coverage, systems at 15% efficiency would substitute up to half of Switzerland’s 622 
nuclear electricity production in 2018, accounting for between 13% and 18% of Swiss electricity generation. 623 
A more feasible 10% surface area coverage would imply that high-altitude floating solar technology would 624 
be responsible for between 1.3% and 1.8% of Swiss electricity production. The production spread 625 
represents the difference in output between flat panels and tracking systems. Across our sample, the 626 
corresponding marginal contribution of each percentage point of site surface area stands at 0.13% to 0.18% 627 
of Swiss electricity production. With more efficient PV panels in the future, systems will account for greater 628 
shares of Swiss generation.  629 

Ranking prospective sites by total expected output reveals that available surface area is the primary factor 630 
when determining the technical potential of floating solar power across our sample. Lac d’Emosson and 631 
Lac de Salanfe are identified as the most interesting prospects, as they are the only two sites among the 632 
top 10 for both total output and output per square meter. At 15% efficiency, total expected annual output 633 
with 10% coverage stands at 62.9 GWh for Lac d’Emosson and 35.7 GWh for Lac de Salanfe, while 196 634 
kWh and 199 kWh can be harnessed every year per square meter for the two sites, respectively. These 635 
values are significantly higher than the averages across all sites considered in this study, which lie at 10.7 636 
GWh of total output per year with 10% coverage and 178 kWh annually per square meter for flat panels. 637 

While tracking systems dominate all other configurations, fixed panels optimized for winter output with tilts 638 
between 30 and 65 degrees can harness an average of 87% of tracking production from November through 639 
February. Compared to flat panels, these high tilt angles allow output to be shifted from summer months to 640 
the winter season while simultaneously increasing total annual production. Tracking systems and high tilts 641 
are also favorable at high-altitude as they substantially reduce the amount of snow which can accumulate 642 
on the surface, a factor which limits productivity. 643 

Despite the increase in winter generation (November-April) with higher tilts, high-altitude floating solar sites 644 
produce most of their power in summer. A maximum of 35% of total output can be produced during winter 645 
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months with tilts between 30 and 65 degrees, compared to 30% for flat panels. Though there may be 646 
operational challenges, combining floating photovoltaics with hydropower through hybridization could save 647 
some water during the winter months because the electricity from PV could be used instead of running 648 
hydro turbines. 649 

Higher variances in historic output are observed as panel tilt increases, with tracking panels exhibiting 650 
significantly higher normalized variance than any other configuration. In addition, lower variances are 651 
observed in winter for all cases besides fixed panels between 30 and 65 degrees. As a result, the lowest 652 
uncertainty in high-altitude floating solar production is achieved with flat panels, where the annual lower 653 
bound for 30-minute slots stands at 18% (with 95% confidence). In contrast, the highest uncertainty in 654 
output is realized with tracking panels, with a corresponding annual lower bound of 6%. 655 

4.2 Addressing the Temporal Supply / Demand Mismatch 656 

Assuming 100% surface area coverage within selected water bodies and 15% efficiency, our sample of 82 657 
sites could alleviate up to a third of the temporal discrepancy between electricity production and 658 
consumption in Switzerland. A larger portion of the mismatch can be addressed as panel tilt increases. 659 
These results confirm the potential for high-altitude solar arrays to relieve pressure on Switzerland’s 660 
electricity market in winter. Moreover, we find that high tilts are not explicitly needed to significantly address 661 
the temporal supply/demand discrepancy. Flat panels on our sample of water bodies can account for 85% 662 
of the mismatch offset achievable with fixed panels between 30 and 65 degrees. Marginally, covering an 663 
additional 1% of each water body’s surface area has the potential to decrease the temporal deficit by 664 
roughly 0.4%. 665 

4.3 Substantial CO2 Offset Potential 666 

If 15%-efficient floating solar panels would cover the entire 50.1 square kilometers of our sample, the 667 
resulting annual reduction in CO2-equivalent emissions would be roughly equivalent to two thirds of total 668 
European emissions from coal power in 2016. Once again, tracking panels dominate, potentially reducing 669 
annual CO2-equivalent emissions by over 1 gigaton. For comparison, flat panels in this case would 670 
decrease emissions by roughly 717 megatons per year. As a reference, between 7.2 and 10.3 megatons 671 
of CO2 could be offset every year for each percentage of water body coverage. However, it should be noted 672 
that these results do not take the full lifecycle of floating solar technology into account. Instead, these figures 673 
represent annual CO2-equivalent offsets as a result of substituting clean electricity for non-zero emissions 674 
sources, assuming the floating solar arrays have already been built. 675 

4.4 Economic Viability of High-Altitude Floating Solar Power 676 

Despite substantial revenue potential on the day-ahead market, high-altitude floating solar power is 677 
currently not economically viable without subsidies or conversion efficiencies substantially higher than 15% 678 
(assuming power is sold at the time of generation). Although tracking panels and designs with tilts between 679 
30 and 65 degrees boast significantly higher energy yields than flat arrays and panels fixed at 12 degrees, 680 
these systems would still be unprofitable on the free market if they could be built at the same costs as 12-681 
degree arrays. A 50-60% reduction in the capital costs reported in (World Bank Group, 2019) is required 682 
for economic viability of flat panels across our sample. However, these results outline a path toward 683 
reducing grid connection costs and increasing competitiveness by taking advantage of existing grid 684 
infrastructure provided by associated hydropower plants. 685 

Following the trend in total production, increased yearly revenues can be attained with higher panel tilts, 686 
with an annual total potential revenue ranging between CHF 388 million for flat panels and CHF 551 million 687 
for tracking systems, assuming 100% surface area coverage and 15% efficiency (1 CHF ~ 1 USD). 688 

Total capital costs for floating solar installations with 10% coverage under flat and 12-degree tilts roughly 689 
correspond to half the cost of installing a new coal power plant (assuming a cost of approximately CHF 2 690 
billion for a GW-scale coal plant). For reference, this range is equivalent to between CHF 107 million and 691 
CHF 124 million for each percentage of surface area coverage. Since our cost model is linear with respect 692 
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to surface area, the greatest economic viability is achieved by selecting sites with the highest energy output 693 
per square meter. 694 

Ranking locations by energy efficiency (Wh/m2) is equivalent to ranking sites via our LCOE results. Lac 695 
d’Emosson and Lac de Salanfe are identified once again as top sites, both technically and economically. 696 
As a key insight, our results indicate a general tradeoff in Switzerland between economic viability and 697 
technical potential (with the notable exceptions of Lac d’Emosson and Lac de Salanfe). This tradeoff stems 698 
from relatively small surface areas for most sites with high economic viability rankings, resulting in lower 699 
technical potential. 700 

At 15% efficiency, LCOE for flat panels range from 0.74 to 3.8 CHF cents per kWh, representing lifetime 701 
costs assuming a discount rate between 7 and 10 percent. Panels fixed at 12 degrees are relatively more 702 
expensive, with LCOE values roughly 9% higher than those calculated for flat panels. This implies that flat 703 
arrays are the most economically viable design case for current systems, assuming snow cover has been 704 
dealt with (it should be noted that panels with higher tilts may be most viable if the accumulation of snow is 705 
considered, given that high tilts would allow for snow to slide off the panels (Kahl et al., 2019). Assuming 706 
the same costs as 12-degree designs, tilting panels between 30 and 65 degrees results in a 6% increase 707 
in LCOE compared to flat arrays. Of the configuration cases explored in this study, only tracking panels 708 
have lower average LCOE values than flat systems, lying 16% below the levelized cost for horizontal arrays 709 
if they can be built at the same costs as 12-degree panels. 710 

4.5 Cost Targets for Profitable Ventures 711 

Table 2 presents cost targets needed for high-altitude floating solar arrays to be lucrative when power is 712 
sold at the time of generation. As a baseline, if capital costs reach between 0.41 USD/Wp and 0.51 713 
USD/Wp, flat panels would be economically viable without subsidies across our sample. For tracking 714 
systems, cost targets range between 0.58 USD/Wp and 0.71 USD/Wp for economic viability. Panels with a 715 
fixed tilt of 12 degrees would be profitable if costs are below 0.54 USD/Wp, while tilts of 30 to 65 degrees 716 
require a cost target of 0.56 USD/Wp. Overall, current capital costs would have to decrease by roughly 50-717 
60% for high-altitude floating solar technology to be profitable in Switzerland under our assumptions. 718 

 719 
Table 2. Baseline cost targets to achieve various levels of economic viability with flat panels. Values 720 
assume no government subsidies and a discount rate of 7%. 721 

 722 

 723 

 724 
4.6 Global Potential for High-Altitude Floating Solar Power 725 

Figure 9 illustrates hydropower resources, mountain ranges, and electricity demand centers on a global 726 
scale. Areas of interest for high-altitude floating solar applications can be found on almost every continent, 727 
including many locations with land constraints where the technology could provide greater electricity 728 
generation potential than rooftops. As a result, a significant number of locations across the world with 729 
existing hydropower dams could benefit from high-altitude floating solar while hedging against lost revenues 730 
from seasonal hydropower fluctuations. The remarkable results in Switzerland’s case indicate that these 731 
regions should consider high-altitude floating solar power while developing their energy strategies. By 732 
demonstrating the suitability of high-altitude floating arrays in the Swiss Alps, the results we present here 733 
should serve as a guide for further research on mitigating climate and energy risk through the use of high-734 
altitude floating solar power. Previous research demonstrates that in the UK, when PV is sited at altitudes 735 
greater than 6 km, it is possible to produce four times the energy produced by ground-based PV (Aglietti et 736 
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al., 2009). The map highlights the possibility for further application in hydropower reservoirs and 737 
consideration that high-altitude sites in general result in greater electricity generation potential. 738 

 739 

 740 

Figure 9: Global perspective for the potential of high-altitude floating solar applications. Overlays of 741 
global hydropower potential, key/large mountain ranges, and electricity demand centers (population 742 
hubs) illustrate areas of interest. This is within the TWh-scale range of global potential for combined PV-743 
hydro systems, without considering altitude (Lee et al., 2020). Details on the method and data sets can 744 
be found in the SI Appendix (Figures S1-S3). 745 

 746 
 747 
 748 
 749 
 750 
 751 
5. Discussion  752 
 753 
With the ability to provide large amounts of power and significantly reduce CO2 emissions, emerging floating 754 
solar technology could provide land-sparing, low-carbon electricity in high-altitude mountainous regions 755 
globally. Our technical results provide compelling motivation for the development of suitable alpine floating 756 
solar installations in Switzerland, particularly if existing storage and grid connections are exploited through 757 
hybrid floating solar / hydro systems. In addition, the environmental benefits of modular and reversible 758 
systems along with significant CO2 offsets make a strong case for pursuing this technology under the vision 759 
of a sustainable future. The floating solar industry remains in infancy and further research is required to 760 
achieve the significant reduction in capital costs or increase in efficiency needed for economic viability 761 
without subsidies or storage. A concerted decarbonization research agenda could utilize these high-762 
performance solar zones to understand integration costs with existing global grid infrastructure. This study 763 
offers individual generation profiles and cost criteria for successful projects on 82 suitable water bodies, 764 
thereby providing the foundations for the next steps in exploiting high-altitude floating solar technology. 765 
 766 
While subsidies for solar power plants are given in many countries, costs may significantly decrease, or 767 
power could be sold at higher prices to be economically viable without subsidies – for example through 768 
storage arbitrage as a “baseload” plant. Our model of capital costs includes expenses related to building 769 
utility-scale grid connections for each prospective site. Sharing this infrastructure with associated 770 
hydropower plants may result in significantly lower construction costs, adding to the expected decrease in 771 
costs as the floating solar industry matures. Integrations with existing hydro utilities may also present 772 
opportunities for O&M synergies, with the benefits of existing on-site personnel and road access. 773 
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Additionally, any increases in efficiency would have a positive effect on cost targets. The assumed 15% 774 
efficiency may be considerably lower than what is achievable given the low operating temperatures, the 775 
natural cooling effect of water, and recent advances in photovoltaic energy conversion technology. 776 
Combining high-altitude floating solar with storage technology would also increase site profitability by 777 
enabling the sale of generated power at higher prices. This may be achieved through integration with 778 
associated hydro pumped-storage facilities. As for the effects of icing, commercial floating solar panels 779 
which can withstand icing are already available on the market (Ciel & Terre International, 2019). Industry 780 
leader, Ciel & Terre, notes that commercial floating solar withstands icing conditions and can act as a hedge 781 
when ice causes issues for hydropower generation (floating solar can continue to generate electricity unless 782 
it is completely blocked from light radiation). While the hydropower sites in our sample are currently 783 
operational during winter, this could be a key hedging opportunity for hydropower systems operating at very 784 
low temperatures. 785 
 786 
 787 
6. Conclusions 788 
 789 
The prospect of integrating floating solar panels with hydropower plants is especially relevant as climate 790 
change has created uncertainty in future water resources for hydro utilities (Beniston 2012; Schmitt et al., 791 
2019). Hybrid solar/hydro systems can help stabilize production and mitigate climate risks, with 792 
complementary use cases in peaking plants, load balancing, energy arbitrage, and ancillary grid services. 793 
Furthermore, floating solar output could be used to compensate for times when water storage levels are 794 
low, providing valuable relief for hydro operators. This would result in less reliance on imports during the 795 
filling season and increased savings of hydro capacity for the winter. In addition, reduced evaporation rates 796 
on hydro reservoirs with floating solar implies further valuable water savings. Hybrid integration of floating 797 
solar with hydropower is still at an early stage (World Bank Group, 2019).  798 
 799 
Incentives are strong for Swiss hydro managers to pursue floating solar systems using their existing 800 
substation infrastructure given the potential benefits and strategic importance of integration, especially as 801 
the floating solar industry matures. As an example, Statkraft (a large Norwegian hydro producer) is 802 
optimistic about complementing hydro production with floating solar and is currently pursuing pilot 803 
integrations in Albania and other operations are occurring across Thailand (CleanTechnica, 2019; Clemons 804 
et al., 2021). In addition, the increased revenue potential from floating solar combined with hydro storage 805 
(enabling power sales at higher prices) also provides further prospects for viable business cases and room 806 
for innovation through research, demonstration, and deployment (Kittner et al., 2017). 807 
 808 
Besides cost barriers and engineering, the implementation of high-altitude floating solar faces several 809 
challenges. Public opinion may be against such projects, especially since many of the water bodies in our 810 
sample are popular tourist destinations. Previous research on the risks of developing photovoltaic projects 811 
in the Swiss alps has found that project acceptance relies heavily on contributions to the local economy, 812 
with transparent and regular information flows between stakeholders as a key driver of project approval 813 
(Díaz & Van Vliet, 2018) – the study also found that the high complexity of administrative processes related 814 
to developing new renewable projects pose a significant implementation risk. Given the existing local 815 
relationships and permits held by hydropower facilities, the path of least resistance for implementing high-816 
altitude floating solar is likely to be through associated hydro operators. At higher levels of PV integration, 817 
grid operators may need to change traditional habits to ensure system stability – despite adequate 818 
transmission interconnections and co-location of pumped hydro storage resources, there may need to be 819 
new grid management strategies to achieve cost-effective integration of new floating solar resources. 820 
 821 
Finally, from a global perspective, high-altitude sites may be difficult to access in some locations. Remote 822 
areas that do not have existing transmission system infrastructure or an existing hydropower reservoir 823 
would be difficult to access. Our map in Figure 9 identifies areas that would be easier to approach. 824 
However, maintenance for high-altitude panels to reduce snow or dust cover could be costlier than for a 825 
ground-mounted utility-scale solar installation. Overall, our results suggest that high-altitude floating solar 826 
technology should be on the global radar for alternative utility-scale solar electricity technologies. The 827 
prospect of utility-scale production and homogenous spaces presents the technology as a solid option for 828 
large-scale expansions in mountainous regions. Specifically, Swiss hydropower managers have much to 829 
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gain by incorporating floating solar systems. Pilot projects on Lac d’Emosson and Lac de Salanfe, the top 830 
2 sites identified in our analysis, would be an appropriate starting point for the roll-out of high-altitude floating 831 
solar arrays in Switzerland.  832 
 833 
The technical potential and economic benefits of high-altitude floating solar technology have been 834 
demonstrated to be highly promising across high-altitude regions. Key barriers to implementation include 835 
substantial capital costs, which are currently still too high for economic viability without subsidies or storage, 836 
and engineering challenges in tailoring the technology to alpine water bodies. However, Switzerland and 837 
many other regions are well-poised to exploit high-altitude floating solar power in the near future if 838 
investments are made in research and development of utility-scale projects. Costs are expected to drop 839 
and the added value for the Swiss hydropower sector presents high-altitude floating solar as a strategic 840 
opportunity to reduce risk and reliance on imports – serving as an example for the rest of the world. 841 
 842 
7. Limitations of the Study 843 
 844 
For the proliferation of high-altitude floating solar power, further research is needed to determine the most 845 
suitable design configuration. Although current products are capable of withstanding heavy winds and 846 
snowfall (Ciel & Terre International, 2019), snow-covered panels result in decreased efficiency (Awad et 847 
al., 2018). This implies lower production during winter months, precisely when it is desirable to maximize 848 
output to alleviate the temporal supply/demand mismatch. Current research is exploring the use of 849 
hydrophobic and ice-phobic coatings to avoid snow cover, while the ability of high-tilts to significantly reduce 850 
the accumulation of snow on solar panels has been demonstrated (Andenæs et al., 2018). The use of 851 
bifacial panels is a particularly interesting topic to explore, as such systems could exploit reflections from 852 
the water surface to boost generation while using high tilts to increase winter output. This study concludes 853 
that flat panels are currently the most economically viable option, assuming the accumulation of snow is 854 
dealt with through maintenance. However, at the right costs, higher tilts and tracking systems would be able 855 
to make a larger impact and produce more valuable electricity in winter. On an annual basis, tracking panels 856 
produce roughly 40% more power than flat panels, while fixed-tilts increase generation by 6% and 9% for 857 
12-degree panels and tilts between 30 and 65 degrees, respectively. The increased investment needed for 858 
these systems may be justified by gains in production, especially considering the importance of adding 859 
winter capacity. Technically speaking, tracking panels and tilts between 30 and 65 degrees are the most 860 
promising configurations we investigated. However, the application of such systems in harsh conditions at 861 
high-altitude requires further research. 862 
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STAR Methods 1104 
 1105 
Key Resources Table 1106 
 1107 
REAGENT or RESOURCE SOURCE IDENTIFIER 

Deposited data 

Swiss water body data (coordinates, altitude, surface 
area, dams under federal supervision) 

Swiss Federal Office of 
Topography (swisstopo) 

https://map.geo.admi
n.ch/ 

Swiss hydropower facility data (coordinates, 
associated water bodies, plant type) 

Swiss Federal Office of 
Energy 

https://www.bfe.ad
min.ch/bfe/en/hom
e/versorgung/statist
ik-und-
geodaten/energiest
atistiken/teilstatistik
en.exturl.html/aHR0
cHM6Ly9wdWJkYi5i
ZmUuYWRtaW4uY2
gvZGUvcHVibGljYX/
Rpb24vZG93bmxvY
WQvOTY5MA==.htm
l  

Surface incoming shortwave irradiance EUMETSAT Satellite 
Application Facility on 
Climate Monitoring 

https://doi.org/10.567
6/EUM_SAF_CM/SARA
H/V002_01 

Surface incoming direct irradiance EUMETSAT Satellite 
Application Facility on 
Climate Monitoring 

https://doi.org/10.567
6/EUM_SAF_CM/SARA
H/V002_01 

Surface albedo EUMETSAT Satellite 
Application Facility on 
Climate Monitoring 

https://doi.org/10.567
6/EUM_SAF_CM/CLAR
A_AVHRR/V002 

Swiss electricity production and consumption data Swissgrid https://www.swissgrid
.ch/dam/dataimport/e
nergy-
statistic/EnergieUeber
sichtCH-2018.xls 

Swiss day-ahead electricity prices ENTSO-E Transparency 
Platform 

https://transparency.e
ntsoe.eu 

Software and algorithms 

HASPR Python Suite Purposefully built for 
this study (N. Eyring) 

https://github.com/bo
nesbb/HASPR  

Python implementation of Solar Position Algorithm Pysolar Development 
Team 

http://docs.pysolar.or
g/en/latest 
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Resource availability 1108 

Lead contact 1109 

Further information can be directed to Dr. Noah Kittner (kittner@unc.edu). 1110 

Materials Availability 1111 

This study did not generate new physical materials. 1112 

Data and Code Availability 1113 

A summary of the data sets used in our analysis can be found in the Key Resources Table and 1114 
Supplemental Information. All data sets besides values for Switzerland’s electrical grid carbon intensity can 1115 
be retrieved with no restrictions via the URLs listed. The grid carbon intensity data we used can be acquired 1116 
by contacting the authors/publisher of (Chevrier et al., 2019) while the collection of Python scripts, individual 1117 
profiles and supporting documents used for our analysis can be found at 1118 
https://github.com/bonesbb/HASPR. 1119 

To establish our sample of potential floating solar sites, Swiss water body data was sourced directly from 1120 
the Swiss Federal Office of Topography swisstopo (swisstopo) via their interactive map of official survey 1121 
and geological data sets (Swiss Federal Office of Topography swisstopo, 2019) while the associated Swiss 1122 
hydropower plant data was retrieved from the yearly hydro statistics report published by the Swiss Federal 1123 
Office of Energy (Swiss Federal Office of Energy, 2019). To calculate historic generation profiles, solar 1124 
position was computed via Pysolar – a python implementation of the Solar Position Algorithm (Pysolar 1125 
Development Team, 2019) – with the rest of our high-resolution climate data being provided by the 1126 
EUMETSAT Satellite Application Facility on Climate Monitoring (CMSAF) (Pfeiroth, et al., 2019; Karlsson 1127 
et al., 2019). To analyze the Swiss electricity supply/demand mismatch, high-resolution data on total Swiss 1128 
electricity consumption and production was retrieved from Swissgrid, the Swiss transmission system 1129 
operator (Swissgrid, 2019). For our revenue analysis, Swiss electricity price data was sourced from the 1130 
European Network of Transmission System Operators for Electricity (ENTSO-E) (ENTSO-E Transparency 1131 
Platform, 2019). Finally, Swiss grid carbon intensity data for our CO2-offset analysis was retrieved from an 1132 
ETH Zürich study distributed by the Swiss Federal Laboratories for Materials Science and Technology 1133 
(EMPA) (Chevrier et al., 2019). 1134 

Method Details 1135 

 1136 
Note on Execution Time and Hardware 1137 
 1138 
Using brute-force to optimize fixed-tilt positions in Cases 3, 4, and 5 requires us to compute a very large 1139 
number of historic generation profiles. Our implementation of all models described herein can run to scale 1140 
with as little as 1 GB of RAM. However, the bottleneck lies in the CPU. Typical execution time for a model 1141 
thread can be up to 15 minutes per generation profile per year on a modern processor. To speed things up, 1142 
we executed in parallel batches on the Euler cluster at ETH Zürich. Respecting the usage limits of Euler for 1143 
non-shareholders, acceleration was achieved by slicing our models into 30 standard batch jobs at a time, 1144 
each calculating 20 generation profiles and running in 4-hour parallel slots. This framework implies a 1145 
maximum capacity of 600 yearly 30-minute resolution generation profiles computed every 4 hours. A total 1146 
of 1604 batch jobs were executed on Euler for this study, amounting to approximately 250 days of processor 1147 
time. 1148 
 1149 
 1150 
Note on Missing Data Values 1151 
 1152 
Our meteorological satellite data was obtained through highly-sensitive geostationary instruments with a 1153 
non-zero probability of downtime. This results in multiple Not A Number (NAN) data points. The number of 1154 
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NAN values in the retrieved data differs from year to year and depends on the coordinates of the site in 1155 
question. Our SIS and SID values are calibrated and validated by CMSAF. However, NANs persist in the 1156 
data sets. To take the inconsistency of the satellite data into account, HASPR includes the total number of 1157 
NANs in each generation profile’s output and conservatively sets all NANs to zero. 1158 
 1159 

Analyzing the Global Potential of High-Altitude Floating Solar 1160 

We conducted an overlay analysis to discover locations outside of Switzerland which could benefit from the 1161 
introduction of high-altitude floating solar power. This analysis was carried out in three steps: 1162 

Step 1: Global map of hydropower potential (Supplemental Information) – based on data from 1163 
(Hoes et al., 2017). Hydropower potential was selected as a starting point to indicate the 1164 
locations of potential sites for floating solar applications. 1165 

Step 2: Global map of mountain ranges (Supplemental Information) – based on data from 1166 
(Elsen et al., 2015). The perimeters of key/large mountain ranges allow us to outline a 1167 
baseline for global high-altitude hydropower resources. 1168 

Step 3: Global map of population density (Supplemental Information) – based on data from 1169 
(Schiavina et al., 2020). High population density implies substantial electricity demand. 1170 
For our analysis, we pinpoint population hubs which are found within or in the vicinity of 1171 
high-altitude hydropower resources. 1172 

 1173 
HASPR Python Suite – Readme 1174 
 1175 
HASPR grants users the ability to model the output of solar arrays given high-resolution meteorological 1176 
data. 1177 
 1178 
High-Altitude Solar Power Research (HASPR) - Case Study of High-Altitude Floating Solar in Switzerland 1179 
 1180 
Developer: Nicholas Eyring (neyring) 1181 
 1182 
HASPR’s scripts are segmented in two parts. The first part calculates generation profiles for sets of 1183 
coordinates at a temporal resolution of 30 minutes and is the computational bottleneck. The second part 1184 
consists of analysis scripts which are computationally insignificant in comparison with our POA model. This 1185 
being the case, HASPR’s structure is designed to execute the first part on a high-performance computer 1186 
and to execute the second part on a typical workstation. Currently, HASPR consists of a collection of scripts 1187 
which can be challenging to configure for less advanced users. For help with getting started in HASPR, get 1188 
in touch at eyring.nick@gmail.com.  1189 
 1190 
 1191 
Core Scripts: 1192 
 1193 
 1194 
datascrape.py: Script to extract light-weight data sets and merge files from large NetCDF4 directories. 1195 
 1196 
haspr.py: Background script/library containing classes, functions, and global variables. 1197 
 1198 
 1199 
Generation Scripts: 1200 
 1201 
 1202 
batch_check.py: Checks if batches have successfully run. Outputs incomplete batch list. 1203 
 1204 
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batch_submission_bf.py: Script for setting up brute force batch jobs for fixed-tilt optimizations on Euler. 1205 
 1206 
batch_submission_opt.py: Script for setting up batch jobs for fixed-tilt calculations on Euler. 1207 
 1208 
main_euler_fixed.py: Main script for Euler fixed-tilt batches. Sets parameters, runs models, and dumps 1209 
data. 1210 
 1211 
main_euler_flat.py: Main script for Euler flat batches. Sets parameters, runs models, and dumps data. 1212 
 1213 
main_euler_tracking.py: Main script for Euler tracking batches. Sets parameters, runs models, and dumps 1214 
data. 1215 
 1216 
optimization_results.py: Determines optimum fixed-tilt positions given directories of brute force output. 1217 
 1218 
organize_batch_output.py: Copies files from batch output to corresponding historic profile directories. 1219 
 1220 
 1221 
Processing Scripts: 1222 
 1223 
 1224 
global_remove_leap.py: Removes leap days for a global panel configuration case. 1225 
 1226 
lower_resolution.py: Converts data series to hourly, daily, or monthly resolution. 1227 
 1228 
remove_leap_days.py: Script to remove leap days from a directory of generation profiles. 1229 
 1230 
 1231 
Analysis Scripts: 1232 
 1233 
 1234 
average_aggregate_revenue.py: Outputs average bid and potential revenue given a directory of 1235 

aggregate revenue profiles. 1236 
 1237 
average_individual_revenue.py: Script which averages individual revenue profiles from historic data. 1238 
 1239 
co2_offset.py: Calculates CO2-equivalent offset given generation profiles. 1240 
 1241 
expected_output_analysis.py: Computes aggregate lower bounds and historic variance given a directory 1242 

of individual expected output. 1243 
 1244 
expected_site_output.py: Script to calculate expected output for one site given a directory of historic 1245 

profiles. 1246 
 1247 
global_expected_site_output.py: Script to calculate expected output for all sites under a design 1248 

configuration. 1249 
 1250 
lifetime_costs.py: Calculates costs given a CSV file of sites, panel surface area, and tilt angles. 1251 
 1252 
lifetime_revenue.py: Calculates yearly and cumulative revenue for system lifetime given a directory of 1253 

revenue profiles. 1254 
 1255 
NPV_LCOE.py: Computes the NPV and LCOE given lifetime costs/revenues and expected generation 1256 

profiles. 1257 
 1258 
revenue.py: Outputs revenue profiles for all generation profiles in a given directory. 1259 
 1260 
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sum_individual.py: Script to calculate annual sums given generation profiles. 1261 
 1262 
supply_demand_mismatch.py: Computes the potential alleviation of supply/demand mismatches given 1263 

generation profiles. 1264 
 1265 
total_expected_output.py: Script to calculate generation profiles in Wh from a directory of profiles in Wh 1266 

per square meter. 1267 
 1268 
total_generation_profile.py: Script to calculate aggregate generation profiles given surface areas. 1269 
 1270 
 1271 
 1272 
 1273 
 1274 
Adding a Model to HASPR 1275 
 1276 
Make the following adjustments to haspr.py: 1277 
 1278 

• Add the model to the "initialize" function, add the required datasets here as well 1279 
• Add path variables and Dataset class adjustments if new dataset was added 1280 
• Write the model’s function (adding results to the model’s “results” array) 1281 
• Add code to call the new function if the model’s name matches (in the Model class’ execute 1282 

function) 1283 
 1284 
 1285 
 1286 
 1287 
Feeding a List of Coordinates to HASPR 1288 
 1289 
HASPR’s solar research models generate results based on a set of coordinates provided by the user. This 1290 
list of sites of interest needs to be prepared in the form of a .csv file with two columns: 1291 
 1292 
Column 1 = Site ID (integer) 1293 
Column 2 = WGS 84 coordinates (string) 1294 
 1295 
HASPR’s set_coordinates(path) function takes the file path of the list of coordinates in .csv form as its only 1296 
argument. This function converts the WGS 84 coordinate string into decimal latitudes and longitudes before 1297 
setting haspr.py’s global variable coordinates – an iterable list of each site’s latitude, longitude, and integer 1298 
ID. HASPR’s generation profile models automatically calculate the output for each site in the coordinates 1299 
list. 1300 
 1301 
 1302 
Creating Batches to Accelerate HASPR Models 1303 
 1304 
We grant HASPR users the ability to segment their models’ parameter sweeps into multiple batches by 1305 
setting the sweep_range field in the haspr.Model class. HASPR’s get_sweep_batches(full_sweep, 1306 
batch_length) function returns an array of all sweep batches given the full sweep array and batch length as 1307 
input. A researcher can then set-up multiple Model instances with the desired sweep ranges to run in 1308 
parallel - exploiting HPC technologies to minimize runtime. 1309 
 1310 
 1311 
Euler Script Documentation 1312 
 1313 
The HASPR library contains three scripts for running batches on the Euler supercomputer: 1314 
main_euler_flat.py for obtaining flat generation profiles (Case 1 – maximum 450 sites per batch), 1315 
main_euler_tracking.py for obtaining full-tracking generation profiles (Case 2 – maximum 20 sites per 1316 
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batch), and main_euler_fixed.py for calculating fixed-tilt generation profiles (Cases 3 and 4 – maximum 20 1317 
sites per batch). The user defines individual jobs using the command line arguments described below: 1318 
 1319 

- Flat Generation Profiles – main_euler_flat.py: 1320 
 1321 

Command line use: 1322 
 1323 
$ bsub python ./main_euler_flat.py [coords] [outputDir] [SISpath] 1324 

 1325 
Description of arguments: 1326 

 1327 
coords: Path to .csv coordinates file containing max 450 sites 1328 
outputDir: Path to desired output directory (e.g. …/out; needs to be created and empty beforehand) 1329 
SISpath: Path to SIS dataset (e.g. 2015 SIS data) 1330 

 1331 
Example use: 1332 

 1333 
 $ bsub python ./main_euler_flat.py coords/coords1_to_33.csv output/B6      1334 
datasets/2013/00_2013_SIS_merged.nc 1335 

 1336 
- Full-Tracking Generation Profiles – main_euler_tracking.py: 1337 

 1338 
Command line use: 1339 
 1340 
$ bsub python ./main_euler_tracking.py [coords] [outputDir] [SISpath] [SIDpath] 1341 

 1342 
 1343 

Description of arguments: 1344 
 1345 
coords: Path to .csv coordinates file containing max 20 sites 1346 
outputDir: Path to desired output directory (e.g. …/out; needs to be created and empty beforehand) 1347 
SISpath: Path to SIS dataset (e.g. 2015 SIS data) 1348 
SIDpath: Path to SID dataset (e.g. 2015 SID data) 1349 
 1350 
Example use: 1351 
 1352 
$ bsub python ./main_euler_tracking.py coords/coords21_to_33.csv output/B14 1353 
datasets/2009/00_2009_SIS_merged.nc datasets/2009/01_2009_SID_merged.nc 1354 
 1355 

- Fixed-Tilt Generation Profiles – main_euler_fixed.py: 1356 
 1357 

Command line use: 1358 
 1359 
$ bsub python ./main_euler_fixed.py [coords] [outputDir] [SISpath] [SIDpath] [optType] [sweepIndex] 1360 
 1361 
Description of arguments: 1362 
 1363 
coords: Path to .csv coordinates file containing 1 site (see Figure xx for format) 1364 
outputDir: Path to desired output directory (e.g. …/out; needs to be created and empty beforehand) 1365 
SISpath: Path to SIS dataset (e.g. 2017 SIS data) 1366 
SIDpath: Path to SID dataset (e.g. 2017 SID data) 1367 
optType: Optimization type (1 = azimuth sweep at a fixed 12-degree tilt, 2 = full sweep between 30 1368 
and 65 degree tilts) 1369 
sweepIndex: Index for sweep range (first index = 0; each index represents 20 profiles) 1370 
 1371 
Example use: 1372 
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 1373 
$ bsub python ./main_euler_fixed.py coords/coords1.csv output/B31 1374 
datasets/2017/00_2017_SIS_merged.nc datasets/2017/01_2017_SID_merged.nc 1 0 1375 

 1376 
 1377 
 1378 
Note: When running main_euler_fixed.py to calculate historic profiles after finding the optimum position, 1379 
simply omit the optType and sweepIndex arguments and add the optimum azimuth and tilt in columns 3 1380 
and 4, respectively, of the .csv coordinates file. Instead of sweeping through positions in this case, the user 1381 
can input 20 sites at once via the coords argument to define a batch. 1382 
 1383 
 1384 
Note: The path to the SAL dataset is hardcoded into the three Euler scripts since the entire dataset 1385 
(spanning the years 2006-2015) is small enough to handle with one file. 1386 

Note: For memory management reasons, batches only incorporate one year of data (i.e. a batch will be 1387 
defined for multiple sites over the same year instead of multiple years for one site). 1388 
 1389 
 1390 
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Highlights 

- Solar energy radiating on high-altitude floating arrays could meet total Swiss demand 

- Bottom-up modeling combines high-resolution meteorological data with physical model 

- Site suitability tool determines electricity generation across water bodies  

- All sites are economically viable before subsidies at 0.41 USD/Wp solar 
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