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A B S T R A C T   

Achieving carbon-neutrality is increasing the demand of renewable electricity which is raising the competition 
for land and associated acquisition costs. Installation of floating photovoltaic (FPV) on existing hydropower 
reservoirs offers one solution to limited land availability while providing solar electricity, leveraging water 
bodies, and reducing water evaporation losses. This work assesses the potential electricity output of FPVs at 
regional and national levels on 337 hydropower reservoirs in the EU27 considering four scenarios and two types 
of floaters. Evaporation, water losses and water savings due to FPVs installation are also estimated using climatic 
parameters for the year 2018. The reservoirs’ total water losses are estimated at 9380 mcm. The installation of 
FPVs of equal installed capacity as the hydropower plants, has the potential to generate 42.31 TWh covering 
2.3% of the total reservoir area. In this case, up to 557 mcm could be saved by installing FPV. The FPVs’ multiple 
benefits and the potential offered by existing hydropower reservoirs are compatible with the EU’s goals for net 
zero emissions and more autonomy from imported fossil fuels and energy transformation.   

1. Introduction 

Floating photovoltaics (FPV) is an emerging technology in which 
solar photovoltaic systems are installed on water surfaces and provide 
a potential solution to increase PV deployment in land-constrained 
areas [1]. It provides an alternative solution for countries with high 
population density and/or shortage of available areas to expand con-
ventional solar power installations while decarbonizing the energy 
supply and removing the pressure from urbanized areas or regions 
where land is required for other uses like agriculture [2–4]. In the last 
decade, FPV has attracted great interest thanks to the increased in-
vestment in renewable energies. However, much more deployment is 
needed to achieve global climate change mitigation targets. Under the 
Sustainable Development Scenario of the International Energy Agen-
cy’s (IEA) World Energy Outlook (WEO) 2021, the electricity share of 
Renewable Energy Sources (RES) would increase from 28.4% in 2020 
to 83.6% in 2050, globally. In 2050, electricity from hydropower and 
solar PV would account for 7921 TWh and 17,433 TWh respectively 

from the total available electricity production worldwide, compared to 
4347 TWh and 833 TWh in 2020 [5]. This would require an increase of 
the installed PV capacity of 953 GW at the end of 2021–10,980 GW by 
2050 – a tenfold increase in less than 30 years [6]. 

Floating solar photovoltaics could be combined with PV systems on 
reservoirs already used for hydropower introducing and promoting 
synergies on the integration into the energy system [7] by utilizing the 
existing grid-connections [8,9]. 

Globally, hydropower still represents the largest share of renewable 
electricity generation, with over 1330 GW (1360 GW in 2021) of ca-
pacity installed [10]. Out of this, 328 GW is produced from run-of-river 
hydropower plants, and the rest from hydropower reservoirs (160 GW of 
which is hydro pumped storage). These reservoirs have the potential to 
host 4444 GW of FPV power plants with only 25% surface coverage, 
generating approximately 6270 TWh of electricity [10]. [11] performed 
a study on the 128 largest hydropower reservoirs in the US, concluding 
that the same electricity generation obtained from hydropower could be 
obtained by covering 1.2% of the reservoirs surface area with FPV. 
Another study by Ref. [12] estimated the FPV power potential for the 20 
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largest hydropower plants (HPP) in the world and it is shown that when 
covering 10% of the hydropower basin surfaces the HPP energy pro-
duction is increased by 65% [13]. [14] estimated the technical potential 
of FPV deployed in hybrid systems with hydropower and identified 3 TW 
to 7.6 TW of worldwide potential (4251 TWh to 10,616 TWh annual 
generation). Additional work from Ref. [13] estimated the global po-
tential for FPV paired with hydropower plants to range between 4.4 and 
5.7 TW (6270–8039 TWh per year of generation) for installation on 
hydropower-only purposed reservoirs and all-purpose reservoirs, 
respectively. 

FPV plants on waterbodies reduce the impact of the thermal coeffi-
cient [15] through the cooling effects of evaporation and wind venti-
lation. This can result in a slightly higher yield compared to land-based 
PV systems [15]. The temperature of FPV modules can be 5–10 ◦C lower 
than that in ground-based installations [16]. Hydroelectric dams oper-
ating in conjunction with FPV have been proven to optimize energy 
generation and increase system reliability compared to land-based PV 
systems due to the cooling effect of water [30–32]. Previous studies [20, 
33–37] suggested an average increase in efficiency from 5 to 12.5% 
compared to land-based PV systems, depending on the geographical 
location of the FPV installation. 

In addition to improved yields, the shading effect [18] of the panels 
and the also decreased air flow [9,16–19] increase the hydropower 
effciency [3] as the PV module provides shading (depending on the 
module’s design) and limits the evaporation from wind. Evaporation 
represents a significant loss factor of managed water resources world-
wide, with reported values as high as 40% of the total volume of water 
storage [18,20,21]. Reducing water evaporation is critical, especially in 
countries where water is scarce. The annual water savings due to 
reduction of evaporation rate can range between 7000 and 10,000 m3 

per installed MWp of FPV [22]. Coupling FPV with hydropower could 
prevent up to 74 bcm of global water evaporation and support hydro-
power production—adding an estimated 142.5 TWh of generation from 
FPV systems on hydropower reservoirs [13]. 

The average land use for a ground-based PV power plant is 50–70 
MWp/km2 [23,24] or to get 100 MWp it is necessary to cover roughly 
1–1.5 km2. However, with the competition of land for solar systems 
deployment and the associated costs derived from licensing and land 
preparation, the development of solar plants has become increasingly 

challenging, especially in densely populated countries [3,25], 
land-scarce countries or regions with high land prices [26,27]. [2] found 
that FPV installations offer the possibility to save on average 2.7 times 
the area of land-based PV projects for the same nominal capacity. 

Coupling FPV and hydropower plants can share existing hydropower 
infrastructure such as transmission extensions, substations as well as 
easing time and siting constraints (such as land acquisition) [7,14]. 

Deployment of FPV is accelerating with global installed capacity 
raising from below 1 MW in 2007 to 1314 MW in 2018, over 2.4 GW 
(2400 MW) at the end of 2019 [28], and is expected to reach approxi-
mately !3 GW by 2022 [9,18]. By the end of 2022, floating solar will 
account for 2% of global annual solar installations as it is expected to 
reach 13 GW of installed capacity. The global technical advisory group 
Det Norske Veritas (DNV) has estimated that inland man-made water 
bodies alone have the potential to support up to 4 TW of new power 
capacity globally [29]. 

The world’s largest FPV market is in China with 73% of the total 
capacity and the rest is credited to Japan and Korea, followed by Europe 
[18,24,30]. The total global estimated FPV installation capacity in hy-
dropower reservoirs is around 7.6 TW. The FPV on freshwater artificial 
bodies holds an annual power generation potential of around 10,600 
TWh, which represents 50% of the global electricity consumption in 
2018 [29,31]. 

Europe has a high potential for floating PV and the demand for 
electricity. There are approximately 20,000 km2 freshwater manmade 
reservoirs, corresponding to a market potential of 200 GWp if only 10% 
of that total surface area was used [32]. The countries in Europe with the 
largest number of reservoirs are Spain (ca. 1200), Turkey (ca. 610), 
Norway (ca. 364) and the UK (ca. 570), followed by Italy (ca. 570), 
France (ca. 550) and Sweden (ca. 190) (Seth Block et al., 2019). 

The cumulative FPV installed capacity in Europe in 2020 was re-
ported to be approximately 400 MWp of which 100 MWp are in the 
Netherlands alone [33]. The top 30 European floating solar projects 
based on installed capacity are in UK (65.5%), Netherlands (12.9%), 
Italy (7.7%), Spain (6.4%), Belgium (6.2%) and Portugal (1.4%) [34]. 
The world’s first combined floating solar and hydroelectric plant was 
installed in Alto Rabagaor reservoir (Portugal), in 2017, with 840 panels 
covering an area of 2500 m2 and an installed capacity of 22 MWp with 
an estimated electricity output of 300 MWh. 

Abbreviations 

AOI angle of incidence 
AEPFPV annual electricity production FPV (MWh/yr) 
AFPV total area of the reservoir covered by floating PV (m2) 
Ares total area of the reservoir (m2) 
CAPEX Capital Expenditure 
CF capacity factor 
DNV Det Norske Veritas 
EMO-5 European Meteorological Observations whereas the 5 

denotes the spatial resolution of 5 km 
EU European Union 
EP Electric power 
FPV floating photovoltaic 
GRanD Global Reservoir and Dam Database 
GSW Global Surface Water dataset 
GWh gigawatt-hour 
HDAM hydropower plant reservoir based 
HE hydroelectricity 
HEIC hydropower equal installed (power) capacity 
HPP hydropower plants 
HROR hydropower run of river 
HPHS hydropower plant pumped storage 

ICOLD International Commission on Large Dams 
Iopt annual PV energy yield at the reservoir’s location (kWh/ 

kWp) 
JRC Joint Research Center 
LCOE Levelised Cost of Electricity 
LISFLOOD hydrological rainfall-runoff and channel routing model 
LISVAP model developed to provide potential reference 

evapotranspiration 
NUTS Nomenclature of Territorial Units for Statistics 
NUTS2 Nomenclature of Territorial Units for Statistics at regional 

level 
OPEX Operating Expenses 
rA ratio of reservoir area covered by FPV (AFPV/Ares) 
rAC/DC ratio of alternating and direct current 
RES renewable energy sources 
PRIMES Price-Induced Market Equilibrium System 
PV photovoltaic 
PVGIS Photovoltaic Geographical Information System tool 
STC Standard Test Conditions 
TWh terawatt-hour 
WS water supply 
y PV area factor (kWp/m2)  
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The largest floating solar plant in Europe is in the Bomhofsplas, 
Netherlands, with 27.4 MWp of installed capacity and 72,000 panels 
that produced 25 GWh in their first year of operation (2020). Recently, 
70,000 floating solar panels were installed in another location with a 
total capacity of 29.9 MWp able to supply 9000 Dutch households [35]. 

1.1. Aim 

This study aims to provide an estimate of the electricity output po-
tential from FPV systems in existing hydropower reservoirs in EU27 and 
the associated water saving function under four different scenarios. 
Three scenarios consider different percentages of reservoir coverages 
(1%, 10% and 100%), while the fourth scenario considers the installa-
tion of an FPV plant of a total installed capacity equal to the installed 
capacity of the corresponding hydropower plants. The evaporation and 
the water savings of each reservoir were estimated using two alternate 
types of floating structures. 

Our approach is based on a previous study assessing the floating solar 
photovoltaic potential on existing hydropower reservoirs in Africa [36]. 

The current study presents for the first time an estimate of the po-
tential of installing FPV on hydropower reservoirs and also estimates the 
associated water savings after installing FPV systems (and the related 
water losses and evaporation). Our analysis also provides new insights 
into FPV potential in Europe, its capacity to cover the current electricity 
demand and where FPV systems could be better located to obtain higher 
electricity output. To the best of our knowledge, this is the first pan- 
European geospatial study assessing the electricity generation poten-
tial of FPV providing detailed estimates at reservoir, regional and na-
tional level, using open source data and high resolution data for specific 
location information on evaporation, water losses and water savings. 

2. Data and methods 

This study is developed both at regional and national level following 
the 2021 Nomenclature of Territorial Units for Statistics (NUTS) clas-
sification.1 An analysis of the potential production of electricity from 
FPV with respect to the current total electricity consumption across all 
sectors was carried out. 

We collated several existing datasets. The following sections describe 
the process in detail the data used to estimate the FPV energy output and 
the reduction of evaporation in specific reservoirs selected for four 
different scenarios of area coverage. For each scenario we evaluated 
electricity production at three inclination angles and water savings for 
two alterate floating structures. The workflow chart and databases used 
for the current assessment are presented in Fig. 1. 

2.1. Hydropower plants dataset 

The JRC Hydropower database2 (last access September 30, 2021) 
[37] was used as the main source of information for the hydropower 
plants. The plants are classified into three categories: run-of-river 
(HROR), reservoir based (HDAM) and pumped storage (HPHS). In 
total, there are 4186 plants in Europe with a total installed capacity of 
195.2 GW. We have excluded from the analysis all the plants with less 
than 5 MW of installed capacity and all the plants classified as 
run-of-river, resulting in 1433 plants. Run-of-river plants do not nor-
mally include water bodies of notable size suitable for FPV systems. The 
JRC Hydropower database was linked spatially with the Global Energy 
observatory database3 as the plant commissioning date was not pro-
vided in the JRC Hydro power database. 

2.2. Reservoir dataset 

Reservoir data was taken from the Global Reservoir and Dam Data-
base (GRanD)4 version 1.3 where reservoirs with area equal or above 
0.1 km2 are included, resulting in 1041 reservoirs in Europe. In the 
GRanD database the main use of each reservoir is reported and classified 
as: hydroelectricity, irrigation, water supply, flood control, recreation, 
navigation, fisheries, pollution control, livestock, or other. For the 
purposes of the current analysis, only reservoirs with hydroelectricity 
(HE) and reservoirs with water supply (WS) as main use were selected as 
the grid connection already exists thus avoiding the additional instal-
lation costs. Reservoirs that are used for flood control (main use) were 
excluded even if hydroelectricity was mentioned as secondary use. This 
excluded all reservoirs in Germany and the Netherlands for this study, 
despite the largest current FVP installations being located here. In the 
GRanD database, there are no reservoirs listed for Denmark. 

Of the total 1041 remaining reservoirs, 337 are located within 
Natura20005 sites and 704 reservoirs outside. From the reservoirs falling 
outside Natura 2000, 424 reservoirs have HE or WS as main use. 174 of 
these reservoirs do not have a corresponding power plant based on our 
pre-mentioned criteria, therefore those reservoirs were eliminated from 
our final joined hydropower plants-reservoir database. 

The final database created includes reservoirs data from iCOLD6 and 
GRanD and corresponding hydro power plants from the JRC Hydro 
database, Global Energy Observatory. For some Balkan countries 
(Bulgaria, Croatia, Greece, Romania, Slovenia) the report (Stunjek et al., 
2020) was utilized to supplement the existing data. In cases where the 
installed capacity was unavailable from the pre-mentioned sources, we 
consulted the reservoirs and/or hydropower plants company’s websites 
for this information. For the results and conclusion sections we focused 
only on the EU countries, and the final selection resulted in 337 geo- 
located reservoirs-hydropower plants. In Fig. 2, the location, area, and 
installed capacity of the homogenized database with hydropower plants 
and reservoirs are presented. 

2.3. Hydropower capacity factors per country 

Annual average hydropower capacity factors (CF, see equation (1)) 
were estimated using EUROSTAT data of annual hydropower generation 
(Dataset code: NRG_IND_PEH [38]) and installed hydropower capacity 
(Dataset code: NRG_INF_EPCRW [39]) using equation (1) as follows: 

CF =
Hydroelectricity generation

Hydropower installed capacity*24*365
(1) 

For the purposes of the present study, we used mixed hydro and pure 
hydro information combined to estimate the capacity factors for the 
reservoir based (HDAM) plants in each country. In addition, we pro-
cessed the pumped hydro storage installed capacity with the corre-
sponding generation to provide a general estimation of the CF or 
utilization rate (using Equation (1)) for the pumped hydropower storage 
fleet in each country. Summary table with the estimated capacity factors 
per country can be found in the Annex. 

2.4. Scenarios 

This study aims to provide a comprehensive assessment of the 
installation of FPV systems in the EU hydropower reservoirs and their 
benefits from different perspectives. We considered in total four 
scenarios: 

1 NUTS is a geocode standard for referencing the subdivisions of countries for 
statistical purposes.  

2 https://github.com/energy-modelling-toolkit/hydro-power-database.  
3 http://GlobalEnergyObservatory.org. 

4 http://globaldamwatch.org/grand/.  
5 Natura 2000 is a network of nature protection areas in the territory of the 

European Union.  
6 https://www.icold-cigb.org. 
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• three area-based coverage scenarios: 1%, 10% and 100% of the area 
of the selected reservoirs.  

• The hydropower equivalent installed capacity (HEIC) scenario: this 
assumes that in each reservoir the installed capacity of the FPV plant 
is equal to the installed capacity of the hydropower plant. This 
approach ensures that the hydropower will be able to compensate for 
the power deficiency in case needed [36]. In this scenario, reservoirs 
where the needed FPV area to match the installed capacity of the 
hydropower plant exceeds the total area of the reservoir are 
excluded. 

2.5. FPV solar electricity output 

The methodology used to assess the potential FPV generation builds 
on a previous geospatial analysis of the energy output and reliability of 
PV system, described in detail in Ref. [40]. We used the Photovoltaic 
Geographical Information System (PVGIS) online tool [41] to estimate 
the solar irradiance available at each reservoir and the potential PV 
output from the associated FPV system. 

The methodology combines satellite based solar radiation data from 
CMSAF’s SARAH-1 with approximately 5 km resolution [42], 
down-scaled temperature and wind speed data from reanalysis product 
ECMWF ERA-Interim with approximately 81 km resolution [43] and 
measured data on PV module performance. 

To estimate the FPV potential output and chose the most suitable 
configuration, we examined three different inclination settings using 
PVGIS. The considered modules are crystalline silicon with an efficiency 
at Standard Test Conditions (STC) of 20%. This implies an area factor of 
0.16 or 0.17 kWp/m2; however, a final value of 0.1 kWp/m2 has been 

considered in the calculations to account for separation between rows to 
avoid shadowing and to allow an adequate service area [36]. The three 
inclination configurations for the FPV systems are:  

• horizontal modules  
• modules south facing and optimally inclined for that location  
• modules south facing and 10◦ inclination angle 

The yearly average in-plane irradiation (kWh/m2) and yearly 
average PV output (kWh) were estimated for each reservoir’s specific 
geographic location based on the complete time series of hourly values 
between 2005 and 2016 and taking into consideration the surrounding 
horizon which may block the direct irradiance. As most of the FPV 
configurations are almost horizontal, there is minimum demand for 
spacing to avoid shadowing between arrays. The yearly PV output was 
used as input to estimate the annual electricity production (AEP) for 
each reservoir following [36] using equation (2), 

AEPFPV = ARES*rA*IOPT*y*rAC
DC

(2)  

Where: 

AEPFPV: annual electricity production (MWh/yr) 
ARES: total area of the reservoir (m2) 
rA: ratio of reservoir area covered by FPV (AFPV/Ares), assigned ac-
cording to different scenarios presented later. 
IOPT: annual PV energy yield (kWh/kWp) 
y: PV area factor (kWp/m2) 
rAC/DC: losses due to solar clipping. Inverter ratio assumed equal to 
1.25 [36]. 

Fig. 1. Graphical representation of the methodology, databases and datasets used in the study and the final outputs.  
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An inverter ratio of 1.25 (value typically used in commercial ground- 
based installations which accounts for around 1% losses of the total 
annual generation) have been considered in the study [36]. 

The PV output model considers the irradiance reflected at the mod-
ule’s surface at high incidence angles (angle of incidence effects, AOI) 
which is, therefore, not absorbed by the PV material, and the effect of 
the spectral content of the absorbed irradiance. The PV model also 
considers the working conditions of the module (received irradiance and 

temperature reached by the module) to estimate the efficiency of the 
module during the hourly simulations. The temperature of the module is 
estimated considering the received irradiance, the ambient temperature, 
and the cooling effect of the wind. In addition to these intrinsic losses 
due to AOI, spectral and thermal effects, we have assumed 14% system 
losses. These account for losses due to soiling, inverter’s inefficiency, 
cables, and other balance-of-system losses as well as PV system 
degradation. 

Fig. 2. Hydropower plants and corresponding reservoirs selected for the analysis are represented in circles. The assorted circles’ colour indicates the installed 
hydropower capacity [MW] and the circles’ size the corresponding reservoir area [km2]. Points with a balck outline represent reservoirs inside the Natura 2000 sites. 
The background map represents the annual solar irradiation in [kWh/m2], (source PVGIS JRC). 
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2.6. Evaporation and water savings 

2.6.1. Water losses due to evaporation in the reservoirs 
For each of the reservoirs, the time-series of annual water areas were 

estimated using the yearly water classification history of the Global 
Surface Water dataset (GSW),7 for the period 1984 (or commissioning 
year)-2020 [44]. The Global Surface Water (GSW) dataset, developed by 
the JRC, provides consistent monthly water history and a yearly water 
classification history of surface inland water, at global scale and at 30 m 
of spatial resolution. The annual water areas were then used to estimate 
the annual open water evaporation in the reference period. 

The open water evaporation was computed using LISVAP, the po-
tential evapotranspiration pre-processor of the LISFLOOD model [45, 
46]. LISVAP uses the Penman-Monteith equation [47–49] to estimate 
the potential evapotranspiration for a standard crop. In case of open 
water evaporation, the crop coefficient is not considered, and the tran-
spiration component is null. Potential and actual evaporation values 
from surface water are virtually identical. The EMO-5 dataset (European 
Meteorological Observations) is used for the input variables (wind 
speed, minimum and maximum temperature, water vapor pressure and 
radiation) for LISVAP at a daily scale from 1990 to 2018. EMO-5 is a 
pan-European regular 5 km resolution grid meteorological forcing 
dataset obtained by interpolating the spatially irregular observations 
from various sources throughout the continent [50]. Evaporation, pre-
cipitation, and average temperature data are then combined with the 
spatial extent of the water body obtained by the analysis of the reser-
voirs in the GSW dataset [44] for the period 1984–2020. This method-
ology was already successfully applied in previous works [51,52]. As the 
LISVAP data was limited until 2018, our analysis is based on this year to 
estimate the annual evaporation and water losses. It represents the most 
up-to date and complete data for the investigated reservoirs. To get an 
idea of the year-by-year variability of water extents and water losses 
considering the climate variability, year 2018 values are compared with 
its minimum and maximum values for the period 2000–2018 (Fig. 3). 
Notable is the case of Sweden where the largest reservoir extents and 
highest water losses are observed. While the reservoirs’ extents are 
slightly varying for the period 2000–2018, the water losses showed 
significant variability due to local climate conditions. The year of 2000 
had both lower shortwave radiation (more cloud cover) and wind speed 
which apparently resulted in lower evapotranspiration values compared 
to the year of 2018. 

2.6.2. Floating PV and water savings 
The main additional advantage of FPV arrays is the evaporation 

reduction in the water bodies. We estimate this analogously to the au-
thors [36], analyzing the water savings for the most commonly used 
floaters in FPV applications, one that fully covers the water surface 
underneath (floater type A) and a second type consisting of a tubular 
structure (floater type B) in which the coverage is only partial [53]. The 
evaporation rates for the needed coverages are obtained applying a 
cubic spline interpolation function to the evaporation rates from [53]. 

2.7. Investment cost 

Based on the literature, the greatest cost of the FPV derives from the 
higher installation costs of the FPV systems [54]. The floating platform 
and anchoring is more expensive compared to the mature ground 
mounting technologies. In the HEIC scenario, the substituted land value 
equals 450 million euro, but can reach 16.5 billion euro in the 100% 
scenario based on the product of the corresponding area and national 
average land value. In rental, it corresponds to 6 to 220-million-euro 
yearly savings (based on national land lease costs). To estimate the 
extent of the investment cost disadvantage (based on the HEIC scenario) 

we calculated the Levelized Cost of Electricity (LCEO) values for both 
the FPV and other (utility scale, commercial and residential) mounted 
PV systems. The Price-Induced Market Equilibrium System (PRIMES) 
modelling results were used for the installed PV capacities and average 
cost for 2020-30-40-50 in the EU and compared it to the FPV HEIC 
(Equal Capacity) scenario. The standard input parameters (30 years’ 
lifetime, PRIMES Capital Expenditure (CAPEX) and Operating Expenses 
(OPEX) were used, assuming 40% higher FPV CAPEX cost at the 
beginning and using 5% discount rate (and ± 3,5% for the sensitivity 
cases) in the LCOE calculations. 

3. Results 

The range of FVP generation potential across the scenarios investi-
gated is between 13.5 TWh and 1629.3 TWh. Coverage has a large linear 
effect on generation. The HEIC scenario where area coverage is defined 
reservoir specifically based on hydro power capacity has a total gener-
ation potential between the 1% and 10% scenario. The optimal and 10o 

inclination angles provide a 25% and 2% improvement over the flat 
FVPs in the area based scenarios, while for the HEIC assessment flat 
FVPs are more effective than the 10o inclination. Table 1 provides the 
specific FVP generation for each scenario. 

A summary table with the total FPV output resulted from the three 
inclination configurations for all the reservoirs examined in the current 
study at EU level are presented Table 1. For the current analysis, the 10◦

inclination with south facing modules, was used even if the optimal 
inclination and south facing configuration resulted in higher total 
output. We use in the rest of this paper the 10◦ inclination with south 
facing modules as it is the most common configuration, and it allows 
cooling from the wind and uses a better inclination than the horizontal 
option. The optimal inclination with south facing modules was not taken 
into consideration as in high latitudes would imply extremely high 
inclination angles and high wind forces. The total electricity output for 
the selected configuration ranges from 13.9 TWh to 1387 TWh 
depending on the FPV scenario (described in section 2.6). 

3.1. FPV potential output estimation in the EU 

The scenarios depicted in Section 2.6 lead naturally to different 
values of used area (according to the % scenario) for FPV installations 
and generation potential (Table 2). 

This study considers 337 reservoirs, with a total area estimated at 
16,086 km2. If we use only 1% of this area for floating solar arrays in-
clined at 10◦ (1% reservoir coverage scenario) we obtain a generation 
potential of 13.87 TWh/yr. With 10% and 100% this potential becomes 
138.67 and 1386.7 TWh/yr, respectively. To put it in context, the total 
electricity generation in EU in 2019 was 2780 TWh (source EUROSTAT). 
Hence, the installation of FPV can potentially produce 5% and 50% of 
the total electricity genearation of the EU27 for the 10% and 100% area 
scenarios respectively. The produced potential electricity for the 10% 
scenario can be translated to 87% of the total power generation from 
solar photovoltaic in 2020 (156 TWh). 

In the HEIC scenario, the produced electricity is 42.31 TWh with the 
total used area of 371 km2, i.e., the 2.3% of the total available reservoir 
area (16014 km2). The produced potential electricity from the HEIC 
coverage area scenario can be translated to 20% of the total power 
generation from solar photovoltaic in 2020 (156 TWh). 

Note that the installed hydropower capacity for the HEIC scenario 
has decreased from 48.73 GW (total installed hydropower capacity) to 
30.4 GW, as we excluded all the reservoirs for which the area coverage 
needed to equal the hydropower installed capacity was exceeding 100% 
(292 reservoirs remained). 

3.2. Assessment of FPV potential at national level 

Fig. 4 presents the FPV potential electricity production in each 7 https://global-surface-water.appspot.com/. 
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scenario at national level. The countries are sorted based on the reser-
voirs’ total area. In all the area scenarios, Sweden, Finland, and Spain 
are among the top 5 countries with higher potential of FPV output due to 
the extensive reservoir area available for installations. Due to the large 
available surface area Sweden could under the 100% coverage scenario 

produce 547.23 TWh (57.42 for the 10% scenario) roughly 4.6 times the 
annual electricity consumption (46% for the 10% scenario, 125.4 TWh 
of electricity consumption in 2020). 

For the HEIC scenario, Spain may produce an extra 14.71 TWh if it 
uses only 9% of the total reservoirs’ surface area. In addition, if Spain 
utilizes 10% of the total reservoir area available, it can produce up to 
16.77 TWh from FPV. Thus, in this case the area coverage for the HEIC 
and the 10% area coverage scenarios are similar despite the reduced 
number of reservoirs in the HEIC scenario. Romania, Portugal, and 
Greece show a similar pattern. According to our data presented in Fig. 4, 
for the HEIC scenario most of the countries need less than the 15% of the 
total reservoirs’ area available to be covered with floating solar panels to 
achieve 42.31 TWh production at EU level. Exceptions are Belgium and 
Slovenia as their total area of the reservoirs analysed is smaller than the 
rest of EU. Using only the 10% of the reservoirs’ area the potential 
electricity output can reach values of 138.7 TWh, with the main pro-
duction to be carried out in Sweden (57.42 TWh) and Finland (44.48 
TWh) followed by Spain (16.77 TWh). 

As expected, there is a strong positive linear relationship between the 
potential of FPV (TWh) and the used area (km2) in the HEIC scenario 
(Fig. 5). This relationship would be with a coefficient of determination 
r2 = 1 if we would have used the same solar irradiation across all the 
countries. In the HEIC scenario most of the countries can use the existing 
electricity grid capacity of the power plant to provide the grid with the 
possible maximum electricity created by the installed FPV modules. As 
an example, Spain is ranked 3rd in the classification for the total 
available reservoir area with suitable grid connection, after Sweden and 
Finland, but with higher number of reservoirs (85) compared to Sweden 
(35) and Finland (12). Note, that the reservoirs’ number is only for the 
HEIC scenario here, as we have removed the reservoirs in which the area 
needed would be more than 100%. Thus, in the HEIC scenario Spain’s 
hydro installed capacity (88.2 GWh) and utilized area (109 km2) is 
bigger than Sweden’s (44.06 GWh, 54.7 km2) and Finland’s (0.83 GWh, 
10.38 km2) resulting in 15.06 TWh of potential electricity output. As the 
annual average solar irradiation in Spain is higher than in Sweden or any 
northern countries, it can produce higher PV output with utilizing less 
reservoir area. 

In the HEIC scenario, the general linear relationship between the 
potential FVP generation and area covered is retained within the 

Fig. 3. Bar graph of the total reservoir areas and water losses of year 2018 and related minimum and maximum values for the period 2000–2018 aggregated at 
national level. Enlarged detailed view of the bar graphs for the countries with values of reservoir area and water losses less than 500 km2 and mcm, respectively. 

Table 1 
Summary table with the different FPV electricity output (TWh) using different 
inclination angles for the selected reservoirs in the EU.   

100% area 
coverage 

10% area 
coverage 

1% area 
coverage 

HEIC 
scenario 

Horizontal 1356 133.56 13.5 56.41 
Optimal inclination, 

south facing 
1629.3 163 16.3 64.71 

10◦ Inclination & 
South facing 

1387 138.7 13.9 42.31  

Table 2 
Summary table of FPV output (TWh) and coverage area for each scenario used in 
EU with 10◦ inclination and south facing modules.   

100% 
Reservoir 
Coverage 

10% 
Reservoir 
Coverage 

1% 
Reservoir 
Coverage 

HEIC 

Number of 
reservoirs 

337 292 

Hydropower 
Electricity 
production 
(TWh) 

94.4 61.9 

Hydro Installed 
Capacity (GW) 

48.73 30.04 

Power of FPV 
modules (GWp) 

16087 1609 160 30 

Total area 
covered (km2) 

16086.86 1608.68 160.86 371.74 
(≈2.3% total 

coverage) 
Annual FPV 

electricity 
production 
(TWh) 

1387 (49% 
of total 
EU27) 

138.7(7% of 
total EU27) 

13.9 42.31  
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country specific analysis (Fig. 5). Country specific deviations from the 
linear relationship are a result of regional differences in the solar 
irradiance. 

In Fig. 6, the percentage of the area covered for the HEIC scenario 

and the ratio of FPV electricity output with the corresponding hydro-
power electricity production. Most of the analysed countries can pro-
duce at least half of the total electricity generated by the hydropower 
plant (and in many cases more than the total like in Spain, Portugal, 

Fig. 4. FPV technical potential for each scenario aggregated at the national level. The table is ordered by decreasing total available reservoir area per country. Note 
here, in the HEIC scenario we have excluded the reservoirs with surface coverage >100% (292 reservoirs). For the area scenarios the calculations are done for 337 
reservoirs in total. 

Fig. 5. Potential electricity output in TWh from installing FPV arrays for the HEIC scenario at EU level. The size of the circle indicates the percentage of area covered 
in HEIC scenario; some area covered percentages are indicated in labels. 
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Greece, Belgium, and Slovakia), with the installation of FPV plants 
covering less than 15% percent of the total available reservoir area, as 
shown in Fig. 6. In the HEIC case, the total FPV potential electricity 
output is 68% of the hydropower generation, covering an area of 371.74 
km2, approximately 3% of the total available area in the reservoirs 
analysed. 

3.3. Water losses and evaporation savings 

3.3.1. Water losses due to evaporation in the reservoirs 
The total water losses in the year 2018 for the 337 hydropower 

reservoirs analysed in this study is estimated at 9821 mcm, covering a 
total area of 16087 km2. The three countries with the largest water 
losses are Sweden (4143 mcm, 35 reservoirs and a total area of 7354 
km2), Spain (1152 mcm, 85 reservoirs and a total area of 1188.74 km2) 
and Finland (2791 mcm, 12 reservoirs and a total area of 5821.13 km2). 
These three countries represent 84% of the total water losses with 142 
reservoirs covering a total area of 14,326 km2 (89% of the total). Table 3 
presents county level aggregated data of the reservoirs analysed in this 
study, including information on the total area covered by the reservoirs, 
evaporation, water losses, installed capacity and electricity production. 
As mentioned, Sweden, Spain, Finland, are the countries with the largest 
water losses. Sweden presents the highest water losses due to the large 
surface area of their reservoirs and Spain presents the highest installed 
capacity, doubling the installed capacity in Sweden (13.08 GW vs 5.59 
GW). At the same time, Spain presents much smaller water losses than 
Sweden despite the warmer climate. This is because the reservoirs in 
Spain are of smaller sizes compared to the ones in the Nordic country (35 
reservoirs covering 7354.32 km2 in Sweden vs 85 reservoirs covering 
1188.74 km2 in Spain) which has a clear effect on the total water loss. 
However, when looking at the electricity production, we can observe 
that in Sweden it is 1.6 times larger than in Spain despite the larger 

installed capacity in Spain, which is caused by a smaller hydropower 
capacity factor in Spain (0.45 vs 0.16). In Fig. 7, we can observe a large 
accumulation of small reservoirs in mountainous regions (e.g.: Alps, 
Carpathians, Pyrenees, etc.). These reservoirs present small water losses 
due to the local climate and relatively high hydroelectricity production 
due to the typically high hydraulic heads in these areas. Other countries 
such as Sweden and Finland, count with hydropower reservoirs of larger 
sizes with high water losses and high electricity production. In this case, 
despite the cold climate, the water losses are high due to the large sur-
face of the reservoirs. On the other hand, in southern Spain and Portugal, 
we find a higher accumulation of small and middle size reservoirs with 
high water losses (due to the warm climate) and low electricity pro-
duction, probably caused by less water available to run the turbines. 

3.3.2. Floating PV and water savings 
In the various scenarios the installation of floater type A has higher 

water savings reaching 1717 and 457 mcm for the year 2018 for the 10% 
coverage area scenario and HEIC, respectively. The water savings for 
each type of floater under the studied scenarios for the EU countries are 
presented in Table 4. In the scenario of 100% area coverage the water 
savings using the floater type A would save almost 9381 mcm and with 
floater type B a total of 5606 mcm. In the 10% area scenario, Sweden, 
Finland, and Spain have the highest water savings reaching annual 
values of 800 mcm. For the HEIC scenario the three top countries with 
highest water savings are Portugal, Spain and followed by Austria. 
Countries such as Belgium, Slovenia, Ireland, Lithuania have a minimum 
amount of water savings after installing FPV. 

A summary figure plotting the water savings per floater, the reser-
voir’s area covered (km2), the hydropower installed capacity (GW) and 
the ratio of FPV output with the hydropower electricity production at 
national level is presented in Fig. 8. Countries such as Spain, Greece, 
Croatia, Lithuania, Ireland, Slovenia, and Luxemburg can produce FPV 

Fig. 6. Percentage of total area covered by FPV and the percentage of the total generated FPV output with the hydro electricity generation per EU27 country 
analysed for the HEIC scenario. 
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electricity output higher than the electricity production from hydro-
power while only using 10% of the reservoirs’ surface area. Countries 
such as Spain (most water-stressed industrialized countries in the world, 
water stress level more than 80%), could benefit from the FPV instal-
lation by achieving 210 mcm water savings annually. 

3.3.3. Regional water saving assessment 
A regional assessment on the potential electricity generation from 

FPVs can be carried out comparing the total potential generation with 
the total regional electricity demand. (Fig. 9 for the HEIC scenario). 
However, the output of hydropower plants can be adjusted to the solar 
generation and actual demand, resulting in a reduced need for addi-
tional storage. The annual regional electricity demand is based on the 
work by Ref. [56] which estimate the regional demand based on country 
demands for the year 2017 (only data publicly available) using the 
NUTS2 classification. 

The map provides a first estimation of the potential impact of FPV in 
satisfying the regional demand of electricity at regional level. 

The five regions with the highest share of electricity demand pro-
vided by the FPV in the HEIC scenario are the following:  

• Extremadura, Spain (ES43): 76% (4167 GWh with a demand of 5482 
GWh)  

• Epirus, Greece (EL54): 61% (954 GWh with a demand of 1557 GWh)  
• Western Macedonia, Greece (EL53): 58% (762 GWh and 1318 GWh 

of demand)  
• Western Greece, Greece (EL63): 46% (1518 GWh and 3321 GWh of 

demand)  
• Upper Norrland, Sweden (SE33): 46% (3676 GWh and 8070 TWh of 

demand) 

3.4. Comparison of costs between land and FPV systems 

As shown in Table 5, the initial 16 EUR/MWh LCOE cost difference 
(2020: 72.9–57.1 EUR/MWh) disappears at the end of the examined 
period. The cost difference calculated for the 42.1 TWh production 
projected in the HEIC scenario would already be compensated by the 
saving in land use changes. Therefore, we could consider the FPV as a 
low hanging cost option, for which scaling up the HEIC scenario to the 
higher percentage coverage would reach the economy of scale affects 
earlier. 

However, this slow cost decrease scenario comparison would only be 
valid in the EU in case of slow deployment rates of FPV (i.e., in the case 
of 1% scenario, or slow HEIC, when each country would start their own 
FPV development without cross-country learning e.g., by international 
tenders, competitive auctions). In this case, technological learning 
would be realised slowly as it depends on the installed capacities. In case 
larger capacities would be installed in the potential locations, the 
technological learning can be realised in a much shorter time. The rapid 
cost decrease in the EU is realistic; according to Ref. [54] 45% cost re-
ductions were realised within less than 5 years in India. However, the 
fast technological learning does not come automatically: if we take a 
closer look at the Indian and the other international project series, we 
see that in fact the technological learning (cost reduction) is more 
intricately linked to the size of the installation than to the year. How-
ever, robust statistical conclusions cannot be drawn from the small 
sample. 

The lower costs in case of large capacity installations while this 
relation showed less connection with the time (see the R2 0.24 to 0.12). 
It can be observed without exception that with development charac-
terized by higher installed capacities, the cost per Watt are becoming 
lower. This is realised by the economy of scale through more stand-
ardised floating structures and lower unit costs. This means that the FPV 
can achieve cost parity with the land-mounted PV structures in a short 
time. If in the EU a similar development could take place like in India, 
the FPV could be cost competitive with the land mounted systems in 5 Ta

bl
e 

3 
Su

m
m

ar
y 

ta
bl

e 
w

ith
 to

ta
l v

al
ue

s f
or

 th
e 

EU
 a

ll 
th

e 
re

se
rv

oi
rs

 st
ud

ie
d 

fo
r r

es
er

vo
ir

 su
rf

ac
e 

ar
ea

 (k
m

2 ), 
ev

ap
or

at
io

n 
(m

m
/y

r.)
 fo

r t
he

 y
ea

r 2
01

8,
 w

at
er

 lo
ss

es
 (m

cm
), 

hy
dr

op
ow

er
 in

st
al

le
d 

ca
pa

ci
ty

 in
 G

W
, e

ne
rg

y 
pr

od
uc

tio
n 

in
 G

W
h 

an
d 

th
e 

ra
tio

 o
f w

at
er

 lo
ss

es
 (

W
L 

in
 m

cm
) 

an
d 

en
er

gy
 p

ro
du

ct
io

n 
(E

P 
in

 m
cm

/G
W

h)
.  

Co
un

tr
y 

To
ta

l s
ur

fa
ce

 a
re

a 
(k

m
2 ) 

To
ta

l i
ns

ta
lle

d 
hy

dr
op

ow
er

 c
ap

ac
ity

 (
G

W
) 

To
ta

l h
yd

ro
 e

le
ct

ri
ci

ty
 p

ro
du

ct
io

n 
(T

W
h)

 
To

ta
l e

va
po

ra
tio

n 
(m

m
/y

r)
 

To
ta

l w
at

er
 lo

ss
es

 (
m

cm
) 

W
L/

EP
 (

m
cm

/T
W

h)
 

Sw
ed

en
 

73
54

.3
 

5.
6 

22
.2

 
15

45
5.

8 
41

42
.5

 
18

6.
8 

Fi
nl

an
d 

58
21

.1
 

0.
8 

3.
0 

52
68

.9
 

27
09

.1
 

89
3.

4 
Sp

ai
n 

11
88

.7
 

13
.1

 
13

.2
 

79
33

5.
3 

11
51

.5
 

87
.5

 
Ro

m
an

ia
 

39
4.

0 
4.

6 
11

.5
 

35
25

7.
6 

29
8.

4 
25

.9
 

Po
rt

ug
al

 
35

2.
8 

5.
5 

8.
0 

21
10

6.
0 

34
7.

7 
43

.7
 

G
re

ec
e 

25
8.

8 
3.

3 
5.

0 
12

35
0.

7 
23

4.
9 

46
.6

 
Po

la
nd

 
15

5.
7 

1.
1 

0.
9 

63
81

.7
 

10
1.

3 
11

0.
4 

Fr
an

ce
 

14
5.

9 
7.

6 
17

.5
 

26
23

8.
0 

10
7.

0 
6.

1 
Bu

lg
ar

ia
 

12
5.

8 
1.

0 
0.

8 
68

04
.5

 
99

.0
 

11
9.

9 
Cz

ec
h 

Re
pu

bl
ic

 
81

.2
 

1.
2 

2.
4 

54
80

.3
 

48
.0

 
19

.8
 

Li
th

ua
ni

a 
46

.5
 

0.
1 

0.
3 

58
5.

1 
27

.2
 

93
.2

 
Cr

oa
tia

 
43

.4
 

0.
2 

0.
6 

22
60

.6
 

33
.3

 
58

.4
 

A
us

tr
ia

 
41

.0
 

2.
5 

5.
9 

46
38

.0
 

28
.4

 
4.

8 
Sl

ov
ak

ia
 

35
.2

 
0.

3 
0.

3 
26

47
.8

 
22

.4
 

77
.3

 
Ita

ly
 

29
.1

 
1.

5 
2.

0 
88

90
.8

 
22

.4
 

11
.1

 
Ir

el
an

d 
5.

7 
0.

0 
0.

1 
10

53
.9

 
3.

0 
29

.3
 

Be
lg

iu
m

 
4.

0 
0.

2 
0.

1 
12

11
.3

 
2.

4 
21

.1
 

Sl
ov

en
ia

 
2.

8 
0.

1 
0.

5 
11

12
.6

 
1.

5 
3.

1 
Lu

xe
m

bo
ur

g 
0.

8 
0.

0 
0.

04
 

66
6.

0 
0.

5 
14

.0
 

To
ta

l 
16

08
7 

48
.7

3 
94

.4
 

23
67

45
 

93
80

.7
 

18
52

.4
  

G. Kakoulaki et al.                                                                                                                                                                                                                             



Renewable and Sustainable Energy Reviews 171 (2023) 112989

11

years if international procurement rules, tenders and competitive bid-
ding processes would be applied. 

4. Discussion 

The estimates of FPV potential provide insight into the capacity of 
FPV to supplement renewable generation and that could significantly 
contribute to covering current and future energy demands. In this study, 
we have not considered the cooling effect of the water which could in-
crease the efficiency of the modules, due to the lack of validated models 
for this purpose. Also, the additional water for the turbines, due to water 
losses reduction, was not considered, but in [57] it was estimated that 
could increase hydropower generation by 0.02% at the EU scale (and 
0.05% at European scale). Therefore, the estimations of the PV output 
could be lower than the real performance of FPV systems. Losses due to 
wave and wind induced mismatch between the modules of the FPV 

system, which could reduce the PV output of the FPV system have not 
been considered. As a result, the estimated PV output could be higher 
than the real performance of FPV systems, especially in water reservoirs 
with high wave intensity [15]. 

Collocating FPV systems and hydropower can be beneficial in several 
terms, such as for example production, as hydropower can compensate 
for the intermittent output of solar PV, as solar resource is only available 
during certain periods of the day [9]. The power output of hydropower 
sold with its balancing capability could increase the revenues of the 
sector in addition to the new FPV development. This “double dividend” 
could lead to a more rapid scale up of RES shares in the European power 
generation portfolio without high pressure on the other land uses which 
is important in the near-term EU energy prospect. 

Furthermore, coupling FPV and hydropower can offer energy storage 
opportunities, connection to existing grid transmission infrastructure 
and thus reducing additional costs related to grid extension and 

Fig. 7. Bivariate map for each reservoir in the analysed countries. The colours represent the water loss due to evaporation (mcm) and hydro electricity production 
(TWh). The circle’s size indicates the reservoir’s surface area in km2. 
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infrastructure. Installing FPV systems at the surface of hydropower 
reservoirs has been proven to reduce water evaporation and support 
water conservation during dry-sunny periods. 

Despite the FPVs’ multiple benefits identified there are challenges 
that should be addressed. Data availability on reservoirs and hydro-
power plants was one of the limitation of this study. Several databases 
were combined spatially and visual checks were ultimately needed 
several occasions. A more accurate geo-located database would improve 
the results. This study also assumed that the total area of the reservoirs is 
available for FPV installation, however, further detailed reservoir data 
(e.g.: bathymetry, current uses, etc.) would be needed to provide more 
accurate results on the real useable area of each reservoir for FPV 
installation. Thus, further studies could focus on performing qualitative 
and quantitative local studies to assess the environmental conditions 
before the FPV installation. Furthermore, the impacts and disturbances 
of FPV on the local microclimate (flora and fauna), water quality are 
largely unknown as FPV is a new technology. The benefits of FPV 
installation on existing hydropower reservoirs are significant and can 
provide a solution to cover the current electricity demand and increase 
EU’s resilience to climate change. We further investigated the inclina-
tion effect on the PV modules’ performance by considering a south 
facing 10◦ tilted one axis tracking system, for the reservoirs selected in 
this study. The results showed an average gain of all stations of 26.4% in 
the irradiation and 27.7% on the energy yield. These gains depend on 
the locations, and ranges from around 6%–50% at high latitudes loca-
tions where the tracking system is extremely beneficial during summer 
months. In our simulations, the type of sky condition (diffuse fraction) 
was also considered, not only the amount of global irradiance. Hence, 
this could explain why in locations with similar latitude and even similar 
yearly horizontal irradiation levels, those with higher frequency of 
overcast situations, the tracking system is not as beneficial as for loca-
tions where clear skies are more common. 

As we discussed earlier, hydropower provides many benefits to local 

communities given the multi-purpose role that reservoirs often have 
(electricity generation and tourism, irrigation, flood management, etc.). 
This “local” dimension of hydropower plants, which are often located in 
mountainous regions, will be enhanced with FPVs which provide both 
green electricity (that can be injected to the grid or used locally and 
support the decarbonisation and electrification) and environmental 
benefits [55]. Although this analysis is based on an estimation of the 
regional electricity demand and it does not include any information on 
electricity grid, it might suggest that many regions may have an easier 
access to low-carbon electricity to decarbonise the local economy and 
increase the electrification rate. 

In Alpine environment, where HPPs are characterized by high heads 
and low flows (i.e., high power density per unit of reservoir surface), this 
would require a FPV surface much larger than the HPP reservoir surface. 
In HPPs characterized by large flows and small heads a small percentage 
is instead enough to obtain the same power. The optimal percentage is 
hence site specific [22]. However, it still offers room for further and 
investigations are necessary to validate this kind of conclusions. 

Regardless of these potential benefits, coupling FPV with hydro-
power is a relevant innovative technology and knowledge gaps of the 
potential negative impacts and challenges exist (reliability and expected 
lifetime of systems, environmental impact, waves and wind effects, 
aesthetic concerns) that could obstruct further investment and 
deployment. 

Although, making double use of the available areas of hydroelectric 
reservoirs and their surface would lead to manifold synergies in a direct 
complementary mode with the installed FPV production, so their 
ancillary services in the power grid could be reinforced. 

5. Conclusions 

Water reservoirs offer an extra surface on which floating PV could be 
installed presenting an investment opportunity. In this study, we esti-
mated the technical potential for FPV installation on 337 hydropower 
reservoirs in the EU (1/3 of the total number in the EU). 

To the best of the authors knowledge this is the first study in the EU 
that provides detailed estimates of annual FPV electricity output, 
evaporation, water losses and water savings at reservoir, regional and 
national level. Moreover, the high resolution GSW data used to derive 
the reservoir areas allows to provide a consistent and accurate estima-
tion of water losses from the hydropower reservoirs. 

The main findings of this study are summarized as follows: 

Table 4 
Total water savings (mcm) in EU under each scenario for the two studied floater 
types.   

100% area 
scenario 

10% area 
scenario 

1% area 
scenario 

HEIC 

Floater A 9381 1718 175 457 
Floater B 

(suspended) 
5606 560 56 557  

Fig. 8. Water saving after the installation either of floater A or floater B (suspended) in the EU for the 10% area scenario. The countries are sorted based on the water 
savings (larger to smaller). 
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• The total annual potential electricity generation of FPV covering 
100% of the reservoirs’ area is estimated at 1386.7 TWh (49% of 
total EU electricity generation). 

• The installation of FPVs of equal installed capacity as the hydro-
power plants, has the potential to generate 42.31 TWh covering 2.3% 
of the total reservoir area (371.74 km2, 292 reservoirs). The total 
FPV electricity output in this scenario is 68% of the hydropower 
generation.  

• The total water losses of the analysed reservoirs are estimated at 
9380 mcm. In the HEIC scenario annual water savings up to 557 mcm 
can be obtained by installing FPV.  

• A 10% FPV coverage increases electricity output by 1.5 times and 
saving up to 1718 mcm of water annually (117 times the water 
consumption of Italian population in 2018, 0.2 m3 per capita). 

Future work, can focus on collecting information about the hydraulic 
head of hydropower stations to estimate the productivity of a station and 
the additional hydroelectricity generation utilizing the water savings 
from the FPV installation. 

Countries such as Spain, Greece, Italy and Portugal will specially 
benefit from the water savings after installing FPV due to high water 
scarcity. These water saving will become more important to the climate 
adaption scenarios as the population living in the pre-mentioned 
countries are threatened by an acute water shortage and the water 
stress level is extremely high, >80%. 

In conclusion, coupling FPV with hydropower offers a unique energy 
aid with reducing simultaneously the evaporation and providing water 
savings especially in areas suffering water stress. Moreover, the current 
findings show that countries could benefit from the use of FPV and 

Fig. 9. Bivariate map with the FPV electricity output in the HEIC scenario and the electricity demand at NUTS2 level. The numbers represent the percentage between 
annual FPV potential generation with the HEIC scenario and regional total electricity demand. 

Table 5 
Summary table with the LCOE cost projections for the years 2020–2050.  

Year LCOE Eur/MWh FPV LCOE Eur/MWh PV 
ground-mounted 

Discount rate sensitivity 
(WACC) 

1.50% 5% 8.50% 1.50% 5% 8.50% 

2020 53.5 72.9 96.1 38.9 57.1 73.5 
2030 42.0 56.7 74.3 32.2 47.2 60.8 
2040 34.0 46.5 61.5 26.8 40.8 53.4 
2050 28.4 38.7 51.1 24.6 38.1 50.1  
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support investments in coupling hydropower and solar energy to meet 
the ambitious energy target set by the European Commission to tackle 
climate change and reach climate neutrality. 
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Table 1 
ANNEX 1 Table with the capacity and utility factors estimated for each 
country.  

Country for HDAM for PHS 

CF HYDRO CF Pure PHS 

Austria 0.30 no data 
Belgium 0.33 0.07 
Bulgaria 0.13 0.05 
Croatia 0.30 no data 
Czechia 0.21 0.11 
Denmark 0.27 no data 
Estonia 0.36 no data 
Finland 0.43 no data 
France 0.27 0.30 
Germany 0.42 0.13 
Greece 0.13 no data 
Hungary 0.42 no data 
Iceland 0.72 no data 
Ireland 0.42 0.09 
Italy 0.28 0.05 
Latvia 0.15 no data 
Lithuania 0.33 0.09 
Luxembourg 0.34 0.07 
Netherlands 0.23 no data 
Poland 0.23 0.06 
Portugal 0.14 0.3 
Romania 0.27 0.53 
Slovakia 0.30 0.03 
Slovenia 0.43 0.13 
Spain 0.16 0.08 
Sweden 0.45 0.45    

Table 2 
ANNEX 1 Summary table at national level of the reservoir number used in the HEIC and area scenarios  

Country Number of reservoirs HEIC Number of reservoirs area scenarios 

Austria 5 10 
Belgium 2 2 
Bulgaria 8 9 
Croatia 3 3 
Czech Republic 7 8 
Finland 12 12 
France 31 39 
Greece 12 14 
Ireland 2 2 
Italy 9 14 
Lithuania 1 1 
Luxembourg 1 1 
Poland 9 10 
Portugal 19 25 
Romania 47 50 
Slovakia 4 4 
Slovenia 2 2 
Spain 83 94 
Sweden 35 37 

Total 292 337   
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Table 3 
ANNEX 1 Summary table of the largest 20 hydropower reservoirs (sorted based on installed capacity) with information on FPV output, evaporation, water losses, water extent for the year 2018.  

Reservoir Name Country Reservor 
Area (km2) 
2018 

IC (MW) EP (GWh) Irradiation 
(kwh/kwp) 

Max Water 
Area (km2) 

Min Water 
Area (km2) 

Range min- 
max (km2) 

Avg. Water 
Area (km2) 

Evaporation 
(mm) 2018 

Water 
Losses 
(mcm) 
2018 

FPV output 
100% 
scenario 
(TWh) 

FPV output 
10% 
scenario 
(TWh) 

HEIC 
output 
(TWh) 

Area 
covered 
HEIC (km2) 

%_area 
covered 
HEIC 

Maison France 1.842471 1800 4441.32 955.09 1.847535 1.701789 0.197009 1.802309 403.4023 0.743257 0.174213 0.017421 2.127463 22.275 12.08974 
Cortes de Pallas Spain 3.288082 1516 398.0544 1362.7 3.291556 3.0885 0.211401 3.256232 1039.807 3.418972 0.443586 0.044359 2.556493 18.7605 5.705606 
Iron Gate 1 Romania 106 1165.8 2936.067 1159.5 106 98.6 7.4 105.3619 776.5002 82.30902 12.16779 1.216779 1.672785 14.42678 0.136102 
Aldeadavila Spain 2.25794 1142 1135.296 957.45 2.25794 2.038424 0.219516 2.184354 1103.816 2.49235 0.214025 0.021402 1.353092 14.13225 6.258914 
Venda Nova Portugal 3.009791 1038 2049.84 1288.7 3.02187 2.363978 0.657892 2.927995 680.9972 2.049659 0.383993 0.038399 1.655367 12.84525 4.267821 
Koelnbrein Austria 2.161252 1028 1909.768 823.14 2.161865 1.984746 0.177119 2.05693 329.5924 0.712332 0.176122 0.017612 1.047158 12.7215 5.88617 
Alcantara 2 Spain 66 934 1309.094 1466.8 66 47.6 18.4 61.67619 1143.155 75.44823 9.584071 0.958407 1.695364 11.55825 0.175125 
Almendra Spain 50.7 851 596.3808 1434.4 68.8 35.8 34.9 56.20952 985.6237 49.97112 7.199684 0.719968 1.510585 10.53113 0.207714 
Bissorte France 1.000528 825 2168.1 983.13 1.000528 0.959318 0.069072 0.987367 455.6285 0.455869 0.097381 0.009738 1.003714 10.20938 10.20399 
Harspranget Sweden 2.063329 818 3433.482 690.09 2.08176 1.625119 0.469754 1.955094 388.2352 0.801057 0.140964 0.014096 0.698561 10.12275 4.906028 
Alto Lindoso Portugal 7.953334 630 772.632 1214.3 7.959351 6.685106 1.291633 7.547463 724.6253 5.763187 0.956116 0.095612 0.946699 7.79625 0.980249 
Porabka Poland 2.864812 551 22.1628 886.17 2.874122 2.829949 0.054063 2.849645 642.9252 1.84186 0.251332 0.025133 0.604246 6.818625 2.38013 
Roselend France 2.671639 546 1291.399 991 2.672896 2.440391 0.289692 2.608284 471.956 1.260896 0.262112 0.026211 0.669594 6.75675 2.529066 
Alqueva Portugal 198 518.4 363.2947 1489.3 207 6.035355 200.9646 159.5969 1078.387 213.5206 29.19326 2.919326 0.955416 6.4152 0.0324 
Vidra Romania 8.660259 510 1284.435 978.71 8.660896 3.665984 5.100863 7.851417 418.3402 3.622934 0.839112 0.083911 0.617688 6.31125 0.72876 
Cedillo Spain 6.645331 500 662.9568 1449.2 6.701344 6.099003 0.602341 6.506709 1062.24 7.058934 0.953411 0.095341 0.896693 6.1875 0.931105 
Letsi Sweden 17 483 1714.77 706.09 17 15.3 1.7 16.51053 384.8186 6.541916 1.188349 0.118835 0.422039 5.977125 0.351596 
Dalesice Czech Republic 3.52954 480 883.008 987.87 3.622553 2.90183 0.720723 3.488876 785.5498 2.772629 0.345186 0.034519 0.586795 5.94 1.682939 
Messaure Sweden 22.6 463 1773.9 692.73 22.6 21.1 1.5 22.28 404.3382 9.138043 1.549914 0.154991 0.396908 5.729625 0.253523 
Picote Portugal 0.583319 441 543.2952 1237.1 0.59074 0.490338 0.100402 0.566126 984.0696 0.574026 0.071441 0.007144 0.675132 5.457375 9.355736 
San Esteban Spain 3.532362 438 613.9008 1188.3 3.532362 3.231825 0.309194 3.437359 717.0413 2.532849 0.415553 0.041555 0.644088 5.42025 1.534455 
Kremasta Greece 68.8 437.2 733.0375 1338 68.9 59.1 9.8 67.22857 943.2616 64.8964 9.113386 0.911339 0.723905 5.41035 0.078639 
Bemposta Portugal 2.795273 431 528.5784 1407.1 2.819553 2.617226 0.202327 2.758991 1071.912 2.996286 0.38939 0.038939 0.750494 5.333625 1.908087 

Total  583.9593 17546.4 31564.77 25686.87 611.3969 328.2589 285.3376 541.6488 16996.22 540.9224 76.11039 7.611039 24.21028 217.1367 72.5839   
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