












































































































































































































































































































































































































variability of FPV output, while FPV production, peaking in late spring 
and summer, supports hydropower by optimising water storage during 
periods of high demand and evaporation losses. Moreover, optimised 
dispatch with lower variability may reduce mechanical stress on tur
bines and other equipment, potentially enhancing operational reliability 
and extending the system’s lifespan.

For clarity, the daily hydropower-only generation curve is not shown 
here, but the effects of FPV integration on hydropower dispatch and load 
duration patterns are analysed in the following Water-Energy section 
and illustrated in detail in Fig. 5.

4.2. Water-energy viewpoint

This section presents optimisation results for the Water-Energy (WE) 
perspective, expanding the analysis beyond electricity revenues to 
include economic benefits from evaporation savings. By incorporating 
the economic value of saved water, expressed through the EWP, the 
optimisation expands beyond the energy-centric scenario to explicitly 
reflect the interplay between energy production and water management.

Fig. 4 shows how optimal FPV capacity and hydropower generation 
gains vary with FPV investment cost (FPVC) and EWP. The left diagram 
depicts optimal FPV capacities, while the right shows percentage in
creases in hydropower generation compared to the hydro-only scenario.

The LHS diagram shows that at an EWP of 0 EUR/m³, FPV deploy
ment is only viable at the lowest investment cost of 1000 EUR/kW, 
achieving a capacity of 340.04 MW, consistent with the energy-centric 
analysis. The diagram also indicates an upper limit of 594.17 MW for 
FPV capacity, representing the maximum installable area. As FPV costs 
rise, higher EWP values are needed to justify investment. Notably, for 
FPV costs above 1600 EUR/kW, capacity increases by about 33.33 MW 
per EUR/m³ of EWP, whereas below 1500 EUR/kW, the rate slows to 
roughly 25.61 MW per EUR/m³, indicating less sensitivity to water 
valuation at lower capital costs.

The RHS diagram confirms that RES integration positively impacts 
hydropower generation, with gains closely matching optimal FPV ca
pacities. This reflects a direct link between FPV deployment and hy
dropower efficiency. Reduced evaporation from FPV coverage conserves 
water, boosting hydropower output, with average gains of about 11.44 
% across varying FPV costs and EWP values.

Further details on these operational effects and dispatch patterns 
from FPV integration are examined through load duration curves (LDC) 
shown in Fig. 5.

The LDC shows consistent trends across different FPVC, with EWP 
changes having the strongest influence on curve shapes and magnitudes. 
Due to limited variability across FPVC values, LDC results are presented 
for an FPVC of 1000 EUR/kW, where FPV deployment remains 
economically optimal across all EWP levels for clarity and ease of 
interpretation.

Fig. 5 displays LDCs for hydropower generation under varying EWPs 
from 0 to 30 EUR/m³. The legend indicates EWP values, corresponding 
optimal FPV capacities, and hydropower gains compared to the hydro- 
only case. As earlier noted in the Energy-centric section (Fig. 3), FPV 
integration reduces hydropower dispatch volatility. LDCs confirm this 
by showing additional hydropower generation shifting to lower, sus
tained power levels, visible as rightward shifts compared to the hydro- 
only baseline shown by the black dashed curve. This highlights how 
FPV and hydropower complement each other, jointly mitigating sea
sonal variability and enhancing baseload capacity.

For EWP values up to 7 EUR/m³, FPV shifts hydropower production 
toward stable baseload rather than peak output. At EWPs of 10 EUR/m³ 
and above, high-power generation durations are maintained or slightly 
increased, while longer low-power operation persists. LDCs for 20 EUR/ 
m³ and higher become nearly identical, indicating maximum FPV 
deployment and similar hydropower gains.

The frequency analysis of hourly hydropower generation further 
confirms the stabilizing effect of FPV-PSH hybrid operation. Table 1
shows the percentage of time that hydropower generation falls within 
specific power blocks as FPV implementation increases, with the in
crease in EWP.

Fig. 5. Load duration curves for hydropower generation.

Table 1 
Percentage of time that hydropower falls within the specific power ranges.

PSH power 
range [MW]

Hydro 
only

EWP =
0

EWP =
5

EWP =
10

EWP =
30

Δ

>= 250 52.12 % 45.34 
%

45.26 
%

45.62 
%

43.75 
%

− 8.38 
%

[200–250> 4.72 % 2.68 % 2.86 % 2.86 % 2.91 % − 1.81 
%

[150–200> 9.47 % 9.27 % 9.19 % 9.20 % 9.91 % 0.44 %
[100–150> 10.30 % 12.32 

%
11.96 

%
11.58 

%
11.96 

%
1.66 %

[50–100> 11.47 % 15.97 
%

16.34 
%

16.23 
%

16.45 
%

4.98 %

<0–50> 11.91 % 14.42 
%

14.39 
%

14.51 
%

15.01 
%

3.11 %
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The distribution confirms the stabilizing effect of FPV-PSH hybrid 
operation. Compared to the hydro-only case, the share of time with very 
high hydropower output (≥200 MW) decreases noticeably, with 8.38 % 
drop in the ≥250 MW block, and 1.81 % drop in the 200–250 MW block. 
These reductions are offset by systematic increases in the lower bands, 
with 4.98 % increase in the 50–100 MW block and 3.11 % increase in the 
0–50 MW block, alongside smaller gains in the 100–150 MW range 
where 1.66 % increase is seen. This redistribution of hours demonstrates 
that hybrid operation reduces extreme peaks while extending periods of 
steady, mid-range generation, in line with the rightward shifts observed 
in Fig. 5. In addition, the average ramp up and down value for the hy
dropower generation decreases, with mean absolute falling from 128.46 
MWh in the hydro-only case to 107.47 MWh under full FPV imple
mentation, equivalent to a 16.4 % reduction. Together these results 
provide strong statistical evidence that FPV integration lowers volatility 
and enhances the baseload character of hydropower generation.

The analysis further examines operational dynamics of the inte
grated FPV-PSH system, focusing on pump operations. Fig. 6 shows how 

EWP and FPVC affect the pump load factor, the ratio of actual pump 
usage to its maximum possible usage, and the share of FPV-generated 
electricity used directly for pumping.

The left diagram reveals that the pump load factor improves from 
27.08 % without FPV to a peak of 33.15 % as EWP rises and FPV capacity 
grows. This reflects FPV’s role in boosting pump operation consistency 
and self-consumption, thanks to more available renewable energy. 
Sensitivity of the pump load factor to EWP changes becomes more 
pronounced at higher FPVC levels, mirroring trends in optimal FPV 
capacity adjustments. Initially, the FPV-to-pump ratio exceeds 90 %, 
indicating that new FPV capacity is predominantly used for pumping, 
reducing reliance on grid electricity. As EWP and FPV capacity increase 
further, this ratio gradually drops, stabilizing around 69.03 %. This 
decline signals a strategic shift: as the economic value of evaporation 
savings rises, operations prioritize broader evaporation reduction and 
enhanced hydropower generation over purely supplying pump energy. 
While direct FPV use for pumping decreases slightly, the overall eco
nomic and operational benefits improve due to gains in hydropower 

Fig. 6. Range of optimal pump specific water-energy viewpoint results; Pump load factor (left); RES self-consumption for pump operation (right).

Fig. 7. Monthly lower accumulation spillage volumes for different agriculture irrigation areas.
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efficiency and evaporation savings.

4.3. Water-energy-food viewpoint

This section builds on earlier analyses by adding the food dimension, 
incorporating agricultural irrigation demands into the optimisation. The 
WEF approach simultaneously optimises hydropower and FPV opera
tions alongside the agricultural irrigation area. To maintain clarity, 
detailed graphics are omitted, focusing instead on key textual compar
isons with the WE scenario.

Optimisation consistently identifies an optimal agricultural irriga
tion area averaging 130.54 km², with a low standard deviation of 0.522 
km², showing stable results across the range of FPVC and EWP values.

Compared to the WE scenario (Fig. 4), the WEF results show similar 
trends in optimal FPV capacity, but with notable differences at lower 
EWP values. In the WEF case, higher irrigation demands reduce water 
availability for hydropower, diminishing the benefits of evaporation 
savings at lower EWP. Thus, lower FPV capacities are optimal initially. 
However, as EWP rises, evaporation savings become more valuable, 
bringing WEF results closer to those in the WE scenario. Only at the 
highest FPVC and EWP combination (2000 EUR/kW and 30 EUR/m³) 
does the optimal FPV capacity remain slightly below the WE maximum, 
at 583.61 MW instead of 594.17 MW. Hydropower generation gains also 
plateau at about 10.71 % in the WEF scenario, lower than the 11.44 % in 
WE, due to added irrigation demands limiting available water for power 
generation.

Pump operations remain similar to the WE scenario, with minor 
differences. The WEF case sees a slightly lower maximum pump load 
factor of around 31.75 %, compared to 33.15 % in WE. The FPV-to-pump 
utilisation ratio remains slightly higher and declines more slowly across 
the EWP range, due to lower FPV capacities at low EWP levels. However, 
differences across the parameter space stay within 1 %, indicating only 
minor operational variations between WE and WEF.

The impact of agricultural water use is evident in monthly spillage 
data shown in Fig. 7, displayed for the FPVC/EWP pair of 1000 EUR/kW 
and 30 EUR/m³, representing conditions allowing maximum FPV 
deployment. Analyses also examine fixed agricultural areas of 0, 50, 
100, 150, and 200 km², alongside the optimal case of 130.54 km², to 
illustrate the effect of varying irrigation demands.

Monthly results highlight that summer is the primary constraint for 
hybrid FPV-hydropower operations. Higher irrigation needs overlap 
with peak electricity demand, low rainfall, and reduced river inflows, 
limiting system flexibility. FPV helps mitigate these constraints by 
generating power during late spring and summer, supporting water 
storage for hydropower. However, reservoir size still limits how much 

hydropower generation can be shifted outside summer. As reservoir 
expansion or additional accumulation capacity analysis was beyond the 
scope of this study, it is challenging to accurately define the maximum 
possible temporal shift of hydropower generation. Fig. 7 also shows that 
exceeding the optimal irrigation area leads to water shortages in June, 
July, and August, marked by red stars. This emphasizes the system’s 
limits in handling excessive agricultural expansion.

Future research could examine alternative agricultural strategies, 
such as shifting crop types to avoid peak summer water demands or 
adopting technologies that enable year-round cultivation. However, 
these aspects were beyond this study’s scope.

4.4. Water-energy-food-ecosystem viewpoint

This section extends previous analyses by incorporating ecosystem 
dimensions, monetising revenues from avoided CO₂ emissions and land- 
use savings, costs from grid-related CO₂, and an ecological external cost 
applied to PSH generation within the optimisation. The WEFE scenario 
delivers a holistic framework that evaluates environmental, water, en
ergy, and agricultural factors.

Fig. 8 shows optimal FPV capacities and hydropower gains under 
varying FPVC and EWP values. Incorporating ecosystem benefits 
significantly increases optimal FPV deployment compared to the WE and 
WEF cases. For FPVC up to 1200 EUR/kW, the optimal FPV capacity 
consistently reaches the maximum allowable value of 594.17 MW. Un
like in the WE scenario, FPV capacity remains high even at moderate 
EWP levels, demonstrating how ecosystem valuation strongly incenti
vises RES integration. FPV deployment only drops out of the optimal 
solution at FPVC above 1900 EUR/kW combined with low EWP values 
below 2 EUR/m³. Hydropower gains closely follow FPV deployment, 
showing rapid initial increases and then plateauing as FPV capacity 
maxes out. Under WEFE, this plateau averages a hydropower gain of 
around 17.74 %, relative to a hydro-only baseline of 808.01 GWh annual 
generation.

Additionally, incorporating ecosystem costs and benefits within the 
WEFE scenario significantly expands the overall range of objective 
function values, highlighting a more pronounced financial and eco
nomic incentive to adopt RES technologies and promote hybrid opera
tion. Including ecosystem benefits expands the range of annual objective 
function values, now spanning 37 to 143 million EUR. In contrast, WE 
and WEF scenarios ranged from 37 to 105 million EUR. This broader 
range reflects the added financial and environmental value of consid
ering ecosystem factors.

Fig. 9 explores pump operations under WEFE conditions. The pump 
load factor increases from 21.58 % in the hydro-only scenario to about 

Fig. 8. Range of optimal water-energy-food-ecosystem viewpoint results; FPV capacity (left); Hydropower generation gain (right).
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30.16 % at full FPV integration. Although this peak is slightly lower than 
in the WE scenario, the absolute gain of 8.58 % is larger when compared 
to WE. This result underscores how the incorporation of ecosystem costs 
and benefits significantly reshapes operational strategies, ultimately 
resulting in lower optimal hydropower dispatch in comparison to the 
WE scenario. Such findings highlight the critical importance of inte
grating ecosystem constraints into optimisation models to provide a 
more comprehensive view of optimal hybrid FPV-PSH configuration and 
dispatch patterns.

The RHS diagram on a Fig. 9 shows how the FPV-to-pump ratio re
mains high under WEFE. Initially averaging around 94.74 %, it indicates 
a strong preference for self-consumption of FPV electricity in pumping. 
As FPV capacity grows, this ratio gradually decreases to an average 
plateau of about 70.88 %. This consistently higher self-consumption 
ratio throughout the entire FPVC/EWP parameter space highlights 
that increased FPV self-consumption emerges as an economically and 

environmentally optimal operational strategy, distinctly surpassing 
values observed in the WE and WEF scenarios.

Continuing the WEFE analysis, Fig. 10 highlights the financial and 
economic aspects of the hybrid FPV-PSH system. Costs and savings are 
grouped into Energy, Water, and Ecosystem categories and shown as 
percentages, illustrating how these proportions shift with changes in 
FPVC and EWP.

Fig. 10 shows how Energy, Water, and Ecosystem costs and savings 
contribute across the full range of FPVC and EWP values in the WEFE 
optimisation. Energy savings include financial streams from hydro
power and FPV, as described in Eq. (10). Water savings capture the 
economic value of reduced evaporation from FPV, linked to Eq. (11). 
Ecosystem savings reflect avoided CO₂ emissions, grid-related emissions 
costs, land-use savings due to FPV, and the PSH ecological external costs 
based on terms in Eq. (13). These percentages are relative and should be 
viewed alongside changes in the total objective function.

At high FPVC and low EWP values, energy savings dominate, 
reaching 90.44 %, reflecting scenarios without FPV deployment and 
minimal water or ecosystem savings. As FPV deployment grows, energy 
savings decline while water and ecosystem shares increase, highlighting 
trade-offs between pure energy gains and broader environmental ben
efits. Ecosystem savings remain stable at around 25.67 %, thanks to 
consistent CO₂ reductions and land-use benefits achieved when FPV 
operates at full capacity across much of the parameter space, as well as 
upper plateau values for additional hydropower generation gains. Water 
savings rise steadily with higher EWP values, reaching 38.03 % at the 
maximum EWP. This increase causes energy savings to drop to around 
40.92 % on average. A notable balance occurs at an EWP of approxi
mately 16.34 EUR/m³, where water and ecosystem savings become 
equal, marking a point where water conservation and ecosystem benefits 
are equally valued. Notably, at an EWP of 0 EUR/m³, growing FPV 
deployment shifts savings from energy to ecosystem benefits, reducing 
energy savings from 95.92 % to 66.32 % and raising ecosystem savings 
from 4.47 % to 33.67 %. This shift underscores how ecosystem benefits, 

Fig. 9. Range of optimal pump specific water-energy-food-ecosystem viewpoint results; Pump load factor (left); RES self-consumption for pump operation (right).

Fig. 10. Relative savings divided into categories Energy, Water and Ecosystem.

Table 2 
Overall percentage change for key indicators across full FPVC/EWP range.

Indicator x‾ [%] 
Low to Avg.

σ [%] 
Low to Avg.

x‾ [%] 
Avg. to High

σ [%] 
Avg. to High

x‾ [%] 
Low to High

σ [%] 
Low to High

FPV power 8.14 2.12 7.68 2.14 15.84 4.93
Hydropower gain 4.17 2.23 4.39 2.27 8.44 3.42
Pump load factor 3.46 7.09 1.79 2.88 4.87 7.08
FPV to Pump − 2.94 1.71 − 2.92 1.78 − 5.93 3.02
Objective function 8.42 2.39 6.31 2.05 15.30 4.65
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including land-use savings and CO₂ reductions, strongly influence 
optimal hydro-FPV system design and operations.

Sensitivity to the CO2 price level further clarifies how ecosystem 
valuation drives RES deployment. While the results above are shown for 
the average CO2 price, extending the analysis across low (54.21 EUR/ 
tCO2), average (79.51 EUR/tCO2), and high (104.81 EUR/tCO2) CO2 
price scenarios demonstrates systematic differences in optimal system 
configuration and dispatch. The overall percentage changes for key in
dicators across the full FPVC/EWP range are summarised in Table 2.

At low FPVC values (1000–1100 EUR/kW), FPV deployment reaches 
the maximum feasible capacity across all CO2 price scenarios, as in
vestment is profitable even without the additional benefit from avoided 
emissions. When FPVC increases and EWP is moderate, however, the 
effect of CO2 price becomes clear, as no upper FPV power plateau is 
reached. At EWP of 2 EUR/m³, for example, the FPVC of 1400 EUR/kW 
yields 472.06 MW in the low CO2 scenario, rising to 522.01 MW in the 
average scenario, and 582.91 MW in the high scenario, corresponding to 
a 23.48 % increase from low to high CO2 scenario. At FPVC value of 
1600 EUR/kW, deployment grows from 370.45 MW to 396.32 MW and 
425.52 MW across the three CO2 scenarios, equal to a 14.87 % increase. 
A similar progression occurs at FPVC value of 1800 EUR/kW, where FPV 
power expands from 316.25 MW to 334.64 MW and 353.42 MW, 
amounting to an 11.76 % increase. These examples illustrate how the 
CO2 value increment progressively unlocks additional FPV capacity 
when investment costs are high and water-related revenues alone do not 
support full deployment. Across all FPVC-EWP combinations where FPV 
is present in every scenario, the transition from the low to the high CO2 
price corresponds to an average increase in FPV power of 15.84 %, with 
a standard deviation (σ) of 4.93 %. The main conclusion is that higher 
CO2 prices, by increasing the value of avoided emissions, accelerate RES 
integration by lowering the FPVC threshold at which FPV becomes 
viable. As a result, significant deployment can be achieved without 
requiring high water-saving incentives, since the CO2 benefit alone is 
sufficient to support investment. This additional revenue stream there
fore enables a faster trajectory for renewable expansion within the 
WEFE framework.

Beyond FPV capacity, changes in the CO2 price also affect several key 
performance indicators of the hybrid FPV-PSH system across the full 
FPVC-EWP parameter space. Hydropower generation gains increase 
systematically with higher CO2 values, averaging 8.44 % increase with a 
standard deviation of 3.42 %, reflecting the direct link between larger 
FPV implementation and hybrid system operation. Pump load factor 
follows a similar pattern, rising on average by 4.87 % (σ = 7.08 %) 
between the low and high CO2 scenarios, with variability driven by cases 
where FPV deployment is absent under low CO2 conditions but becomes 
optimal once carbon valuation improves. In parallel, the FPV-to-pump 
utilisation ratio decreases as higher CO2 prices drive more rapid FPV 
expansion, showing an average decline of 5.93 % (σ = 3.02 %). These 
results are in line with the previously discussed FPV power outcomes, 
where faster capacity expansion leads to a relative shift in FPV elec
tricity allocation away from pumping and toward broader system ben
efits. Finally, the total system objective value rises markedly with 
increasing CO2 price, averaging a 15.3 % gain with a standard deviation 
of 4.65 %, underlining how avoided emissions act as a decisive revenue 
stream. Collectively, these results confirm that higher CO2 prices not 
only accelerate FPV adoption but also reinforce the economic and 
operational benefits of hybridisation across a wide range of techno- 
economic conditions, highlighting the importance of including 
ecosystem valuation within the WEFE framework.

5. Conclusion and future work

This study presents a comprehensive optimisation framework for 
assessing hybrid FPV-PSH systems within an integrated WEFE nexus. 
The method developed builds on a two-stage stochastic optimisation 
model, incorporating sector-specific objectives, uncertainty in climatic 

and market conditions, and complex interactions among water use, 
energy generation, land use, and environmental valuation. By inte
grating technical performance, resource constraints, financial parame
ters, and environmental metrics into a unified decision-making process, 
the model captures both direct and indirect system-wide trade-offs and 
synergies.

Results show that FPV is only financially viable at the lowest in
vestment cost (1000 EUR/kW) in purely energy-centric analysis. How
ever, even under these narrow criteria, the system demonstrates 
favourable operational interactions, including high FPV self- 
consumption and improved hydropower flexibility. Integrating 
broader considerations, evaporation savings (WE), irrigation demands 
(WEF), and ecosystem benefits (WEFE), substantially shifts optimal 
configurations and financial outcomes. Each added dimension increases 
justification for FPV deployment and influences hydropower operation 
to align with broader sustainability goals.

In the WE scenario, the economic value of evaporation savings 
emerges as crucial, driving larger FPV capacities and boosting hydro
power output by over 11 % on average. Load duration curves illustrate 
how FPV integration reduces hydropower variability, supporting 
steadier baseload operations. The frequency analysis shows that the 
share of hours with very high hydropower output above 250 MW de
creases by 8.4 %, while generation in the 50–100 MW block increases by 
5.0 %. This redistribution of output, together with a 16.4 % reduction in 
mean ramping, demonstrates that hybrid operation lowers volatility and 
strengthens the baseload character of hydropower. Pump load factors 
and FPV-to-pump ratios further confirm FPV’s role in enhancing system 
flexibility. Adding agricultural irrigation constraints in the WEF scenario 
introduces more complexity. The model identifies a consistent optimal 
irrigation area of 130.54 km², but this affects water allocation, reservoir 
spillage, and hydropower output, particularly in summer. Agricultural 
water demands slightly reduce optimal FPV capacity at low water values 
and lower hydropower gains to about 10.7 %. Despite this, financial 
impacts remain minimal, indicating that integrated water and energy 
services can still function effectively under competing demands with 
holistic planning. Results show how exceeding the optimal agricultural 
area causes seasonal water shortages, especially in June, July, and 
August, underscoring the importance of integrated planning and de
mand management.

Under the WEFE scenario, incorporating ecosystem valuations for 
CO₂ savings and land-use benefits together with a biodiversity external 
cost on PSH generation, drives maximum FPV deployment across broad 
FPVC and EWP ranges. Hydropower gains reach their highest levels, and 
total objective function values increase significantly, underscoring how 
ecosystem services become powerful economic drivers. Savings shift 
from conventional energy revenues toward broader sustainability co- 
benefits as environmental values are integrated. Importantly, sensi
tivity analysis confirms that higher CO₂ prices increase the value of 
avoided emissions sufficiently to trigger FPV deployment even at higher 
FPVC and lower EWP values. Across all FPVC-EWP combinations, where 
FPV is present in every scenario, the increase from the low to the high 
CO₂ price corresponds to an average growth in FPV power of 15.84 %, 
with a standard deviation of 4.93 %. This widens the feasible deploy
ment space of FPV-PSH systems, thereby accelerating RES integration 
within the WEFE framework.

Across all scenarios, the study confirms FPV’s strong complemen
tarity with PSH. FPV enhances peak energy supply, water conservation, 
and environmental benefits, while hydropower provides flexibility to 
manage solar variability. This synergy is particularly pronounced under 
WEFE conditions, where policy-driven environmental pricing supports 
significant RES investments even at higher capital costs. PV capacity 
under WEFE remains high even at moderate water price levels, with 
deployment only disappearing at FPVC above 1900 EUR/kW.

In the context of growing climate variability, increasing demand 
pressures, and the imperative for low-carbon transitions, the need for 
such comprehensive tools is becoming more urgent. This model provides 
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a flexible and extensible foundation for future research and policy 
analysis, capable of being tailored to specific geographies, technologies, 
and planning objectives. It offers a practical means for integrating 
resilience and efficiency into long-term resource planning, making it 
directly relevant to a wide range of stakeholders engaged in water, en
ergy, food, and environmental governance.

Future work will explore multi-reservoir FPV deployment, real-time 
irrigation control, and expanded ecosystem valuation, including biodi
versity and habitat metrics. Additional efforts will examine reservoir 
expansion impacts, improved evaporation modelling considering FPV’s 
physical effects, and alternative agricultural strategies to enable flexible 
irrigation schedules and better align water use with seasonal 
availability.
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ABSTRACT 

Many places are dealing with the problem of water scarcity, especially in the summer months. 

This occurs mostly in the dry areas with hot climates that are exposed to intensive solar 

insolation which are the main driver for the evaporation of water. Some companies that are in 

charge of water service, and are operating open water reservoirs, have developed a solution to 

cover the water with floating balls to limit the solar insolation and to mitigate the evaporation 

of water. Another good approach is using floating solar panels for the same cause, which will 

provide an additional power source. It can enhance the productivity of hydropower plants with 

reservoirs. An additional benefit of the solution is the amount of the available water surfaces 

for placing the solar panels, instead of potentially useful areas for other purposes (agriculture, 

buildings…). This paper reviews the current development of the technology, potentials, and 

best practices. It shows that this technology is feasible and can compete with other power 

sources, considering the cheapest LCOE being 46 USD/MWh for a 50 MW power plant in Uttar 

Pradesh, India. 

1. INTRODUCTION 

Solar energy systems are developing faster than ever and are presenting a major potential for 

the production of clean electric energy [1]. Except for the energy side, many other fields can 

benefit from this technology, like shading for crops in agriculture, for water bodies to reduce 

evaporation, for car parking lots, and other uses [2]. Installing solar panels on water bodies has 

multiple benefits, like reducing water evaporation and reducing the water temperature on one 

side and improving the efficiency of the solar panel due to better cooling effect [3]. A detailed 

review of floating photovoltaic (FPV) technology was published in 2019. It speaks about the 

potential of efficient operation of photovoltaic (PV) panels and their utilization to reduce water 

evaporation [4]. Still, it doesn’t cover the biggest plants and advancements in the last 3 years, 

with the stated specific cost of one plant at 1.71 USD/Wp, which has halved in the meantime. 

Assessment of FPV technology and global potentials is made, showing there is a potential to 

deploy between 3 and 7.6 TW of FPV around the world depending on the scenario [5]. A review 

describing typical FPV systems and their benefits was made, describing characteristics of canal 

mounted, offshore and floating plants [6]. Late assessment was made to deploy FPV plants on 

water bodies in mainland Spain [7]. There it is shown that 31% of electric demand in Spain 

could be met with covering only 10% of all water bodies. A case study for the western Iberian 

Peninsula is questioning the coupling of floating wind installations with floating solar 

installations due to their variations in energy production throughout the year [8]. It shows that 

their coupled operation would increase production stability, especially for the nearshore 

installations. An assessment was made to determine what percentage of the water surface should 

be covered for optimal reduction of evaporation. It shows that covering only 30% of the basin, 



it is possible to achieve a 49% reduction of water evaporation [9]. A scientific review has been 

made on the sustainability of FPV, showing that FPV can be beneficial for the ecosystem, 

especially in terms of reducing evaporation, while downsides can be chemical changes in water, 

including nitrification and deoxygenation [10]. FPV has a significant potential for distant 

islands that are not connected to the electrical grid or water supply with the mainland. Case is 

showing utilization of FPV in Maldives, as a part of energy system aiming to be 100% 

renewable [11]. Digital numerical model simulation was made for the case of a water reservoir 

near Alicante, Spain [12]. The numerical model was compared with experimental structure 

installed together with CELEMIN ENERGY S.L. that covers 7% of the reservoir. It shows 

floating PV cover is economically feasible and safe for operation and can withstand changes in 

water level. Recently a detailed review of FPV technology has been made describing the current 

status, typical construction and design. Overall evaluation of the technology has been made, 

mentioning the main benefits - reducing water evaporation and more efficient operation of PV 

panels [13]. In this paper, analysis of the FPV technology is made, considering its feasibility 

and impact on problem of water scarcity. Interesting question of optimal water surface coverage 

is mentioned in the work. Also most notable examples across the continents are shown. This 

study aims to examine current situation and set the basis for future studies that would support 

development of FPV projects in technical but also legislative point of view, showing best 

practices of the industry. Additional research concerning natural preservation of aquatic life 

should be made in the future, and they are not included in this study. 

2. METHODOLOGY AND MATERIALS 

In this work, the existing scientific research on topic of FPV installations is reviewed. First, the 

feasibility of the technology is assessed, with latest updates in technology development, noting 

most feasible examples. Following the economy, the main beneficial utilization of FPV is 

described – first the topic of evaporation suppression and how can it help the arid areas with 

water scarcity. Another benefit that is described is hybridization of hydropower plants and FPV. 

Following the description, best practices in terms of size, feasibility and technology 

advancement are analysed, according to the regions of the world. The current status, barriers, 

feasibility and future potentials are discussed.  

 

Figure 1. Methodology and parts of this review 



Materials used for this review contain scientific work from journals what have analyzed floating 

solar technology, and other relevant fields that are dealing with suppression of water 

evaporation, PV efficiency, utilization of lakes and water surfaces etc. Many reports about FPV 

project plans and implementation are used as references, to give most up to date review on 

current status of FPV technology. This paper aims to further update the already conducted 

analysis of the existing status of the FPV. The work done in this paper is focused on the specific 

conditions for the development of the FPV in different regions. Furthermore, the paper tries to 

investigate are the FPV systems currently feasible for implementation in different regions and 

what conditions need to be fulfilled to facilitate their faster implementation considering 

legislative, technical, and economic conditions. 

3. ECONOMY OF FLOATING SOLAR PLANTS 

Floating solar photovoltaic (FPV) is a great solution for cases with growing electricity demand 

and problems with water scarcity that operate large reservoirs, either by covering the water 

reservoirs or coupling FPV plants with desalination plants in the coastal areas. Installing PV on 

water bodies is a great solution for areas with less available land like islands. Most important 

economic factor for energy plants is Levelized cost of energy (LCOE) that is being produced. 

LCOE considers both capital cost and running costs of the plant like fuel, operations and 

maintenance. Needless to say, FPV plants don’t use fossil fuels, which makes them independent 

of volatile fuel costs. It is important to say that PV technology is becoming one of the most 

affordable and available sources of power with prices dropping continuously, being well below 

50 USD/MWh today [14]. 



 

Figure 2. LCOE for PV panels [14] 

It is important to consider costs for floating construction consisting of floaters, buoys, anchoring 

and mooring links which increase the overall cost. Anchoring can be made on the bottom of the 

lake, or dry sides of the lake. Inverters can be put on the dry ground by the water body, or on 

floaters which is often the case for larger installations. The problem can arise for the reservoirs 

with high variations in water level or in case the reservoir dries completely – the floating 

structure needs to stay functional after those events. An example of a lake that is drained during 

the winter is a man-made reservoir Lac des Toules in the Swiss Alps at 1810 m above sea level. 

FPV installation is located on the top of the reservoir, and is built in 2019. It needs to withstand 

cold weather and function after the reservoir is drained [15]. There are other examples of FPV 

that are operating in extremely cold conditions prone to snowing like Harbin Heilongjiang, 

China [16]. Also, there is an example of a robust FPV plant in Taiwan, built by Sungrow that 

survived drought and typhoon season without any damage reported [17]. It is interesting to see 

how PV modules act when submerged underwater. A study has shown that their efficiency is 

higher due to the cooling effect but will depend on depth. Also, the problem of cleaning the 

modules is solved [18]. 



 

Figure 3. Scheme of a typical FPV [19] 

Analysis from 2018 has shown that capital costs for the whole FPV systems are ranging from 

0.8 to 1.2 USD/MWp [19]. Costs for the big FPV plants are decreasing with an example of the 

Tata Power Solar plant in the West Bengal region in India with the capital cost of 0.69 

USD/MWp [20]. The lowest cost is set at 0.59 USD/Wp for a 100 MW plant in India [21]. In 

terms of capacity, Asian countries dominate the FPV market [22]. The biggest FPV plants are 

located in China with South Korea planning to build the biggest FPV with a total capacity of 

2.1 GW [22]. The total capacity of FPV in the world in 2020 was 2.6 GW with expected yearly 

growth of more than 20% [23]. Prediction is made that FPV will continue to grow and that in 

2025 there will be more than 100 GW of FPV installed around the globe [24]. The initiative is 

set by DNV GL to develop the first Recommended Practice for FPV plants that would involve 

industry leaders from the sector [25]. 

4. EVAPORATION SUPPRESSION 

One of the problems FPV can help with is water evaporation. Analysis shows that every year 

more than 346 km2 of water evaporates from artificial lakes and reservoirs in the world [26]. 

Examination of water evaporation losses from water storage in Australia was made in 2005 and 

shows that between 1 and 3.6 m of water height can be lost yearly, depending on weather 

conditions [27]. Significant case exists in Atacama Desert, Chile, which is known for arid 

climate and strong insulation. A simulation and experiment were made that has shown that 

evaporation in such conditions can be reduced by more than 90% with the deployment of 

floaters and PV cells on top of the pond, with power generation of 68 Wp/m2 [28]. A laboratory 

study at ETH Zurich has shown that with floating covers it is possible to suppress evaporation 

by 70-80% [29]. There is also mentioned the most notable example in Los Angeles where a 

water reservoir with a surface of around 1 km2 is covered with small black polyethylene spheres 

(shade balls). It is stated that the greatest potentials are for reducing water evaporation for 

smaller reservoirs (<0.1 km2)[30]. This experiment concluded that water evaporation increases 

with solar radiation and wind, and it can be reduced by covering the water surface. For the 

experiment, they have used floating spheres and floating discs.  



 

Figure 4. (left) Figure is showing the effect of a partial cover of water surface with spheres. 

Relative evaporation is a ratio between evaporation from the covered and uncovered water 

surface. The experiment shows that the efficiency of evaporation suppression is decreasing for 

high cover fractions. (right) Experiment shows a significant evaporation reduction for water 

surfaces covered with floating spheres or discs. [29] 

The experiment showed that complete evaporation suppression cannot be achieved with the 

water surface completely covered (Figure 4). Also, this means that gaps uncovered by floating 

solar plants don’t present large losses for evaporation suppression.  

Artificial destratification on reservoirs in Brazil has been researched, showing it can reduce the 

temperature of the water surface by 1°C, and reduce the water evaporation by 10% [31]. In this 

work specific cost per cubic meter for retaining the water from evaporation is 1.2 USD/m3 

which is a competitive price in arid areas. Detailed analysis of artificial destratification of large 

water reservoirs in Cyprus has been made in 1999 [32]. It shows how covering the lake can 

reduce water evaporation and improve the water supply on the arid island in the Mediterranean. 

5. HYBRIDIZATION WITH HYDROPOWER 

Hydropower plants are one of the largest sources of electricity generation in the world. In 2019, 

4329 TWh of electricity was generated from hydropower (22%) [33]. Although being the most 

represented source of renewable energy (45%), future development could face different barriers 

[34]. Main problem is that most of the forecasted projects in the future would be built on 

greenfield surfaces (Figure 5). Large hydropower plants are covering large surfaces that can be 

utilized differently. It is also important to consider GHG gasses, CH4 and CO2, that are being 

emitted from the water reservoirs of large hydro plants [35]. Similarly, the effect of the lower 

albedo of water reservoir than the surrounding soil has a negative impact on global warming 

[36]. Another significant question is their influence on society, especially for the transboundary 

plants [37]. Some hydropower plants present a political problem and can cause international 

conflicts [38]. Hydropower will play a major role in the decarbonization of electricity 

generation, but due to their limitations, we need to utilize the full potential of these plants.  



 

Figure 5. Greenfield (210.7 GW) vs. Brownfield (18.9 GW) forecasted world net capacity 

additions 2021-2030 [34] 

The surface of water reservoirs in hydropower plants is a perfect solution for PV panels. This 

way PV panels wouldn’t occupy valuable land and would increase the output of hydro plants. 

Another benefit is evaporation suppression, which is an additional benefit for the hydro plant. 

It is interesting to assess the influence of albedo difference for PV panels and water surfaces. 

The specific problem of Amazon dam underproduction can be reduced by utilizing the FPV 

[39]. It is mentioned how the combined operation can be beneficial, especially in the hours with 

peak demand. 



 

Figure 6. Estimated hybrid operation of the hydropower plant and FPV in Brazil [39]. 

One of the greatest advantages can be seen in combining FPV on reservoirs of pumped storage 

power systems. The evaluation was made for the Pumped storage with 1 GW capacity and a 

large FPV plant with 2 GW that would be deployed on top of the reservoir – results have shown 

there are different benefits, from reducing energy disbalance, higher electricity generation and 

reducing water evaporation by 19 million m3 a year [40]. There are many side benefits like the 

existence of power lines for previously built plants and the possibility to store the excess energy 

from FPV. Late review was made on benefits of pairing hydropower plants and FPV, showing 

that covering less than 15% of water surface of reservoirs FPV would produce 50% of 

hydropower output [41]. Also covering 10% of reservoir area would save 1717.8 cubic meter 

of water annually. Another analysis shows the potential of integrating FPV and big hydropower 

plants with reservoirs, which states that if we covered 10% of reservoir surface for the 10 

biggest hydropower plants in the world, their energy production would increase by 65% [42]. 

The Brazilian power sector depends on hydro plants which have significantly lower production 

in dry years. The case study was made for hydro plants built on the São Francisco river basin, 

which shows that energy gains from installing FPV would be 76% and the capacity factor of 

power plants would be increased by 17.3% on average [43]. Study for the complementing hydro 

plant in Pakistan with 200 MW FPV and optimizing the regime of the plant can result in 3.5% 

of additional power generation from Hydroelectric plant and possibility to cover peak demand 

in the midday [44]. A study made for a hydroelectric power plant with a reservoir in India shows 

the cost of installing FPV would be 35% higher in comparison with conventional PV systems 

but would also reduce water evaporation significantly. In the study, the FPV would cover 30% 

of the Vaigai reservoir and would have the capacity of 1.14 MW which would generate 1.9 

GWh of electricity, but also save 42731 m3 of water annually. This saved water would provide 

an additional 6 MWh of power from hydropower plant [45]. Research gives an interesting 

viewpoint that hydro plants can provide ancillary service as virtual batteries for FPV installed 

on their reservoirs and states if 25% of the reservoir’s surface would be covered with FPV, 

generation from FPV would surpass generation from hydro significantly. Due to water retained 

in the reservoir because of the FPV, hydropower plant would produce 6.3% more energy in 

[46]. Assessment of FPV potential on existing hydropower plants in Africa shows promising 

results [47]. It states that the total potential is 2922 GW, and covering only 1% of those 

potentials would increase energy production by 58% and double installed capacity. In addition, 



743 million m3 of water could be saved every year because of reduced evaporation, which 

would result in 170.64 GWh more produced in hydropower plants. A specific problem for water 

reservoirs is the variability of water level and surface area of the lake. FPV plants should either 

cover only the area of the reservoir that never dries, or the construction needs to be adapted to 

get stranded onto the dry area. There are proven small FPV constructions that can just sit on the 

bed of an empty lake [15]. Installing PV panels within hydropower plants is cheaper due to 

existing infrastructure and connection to the grid. 

6. SITUATION IN DIFFERENT CONTINENTS 

ASIA 

As mentioned before, Asia has the largest capacity of installed FPV with China recognized as 

a world leader in FPV installations. Data from 2018 are showing that more than 97% of FPV 

installations are in Asia [48].  

In China, most of the FPV use Sungrow solutions. The biggest one of them is in Guqiao, 

Huainan City with a total capacity of 150 MW and is connected to the grid from 2018 [49]. The 

project was developed by the Sungrow company and is installed in the flooded coal mining 

subsidence area. The plant is covering 10% of the surface area of the water body and the average 

depth is 8 m. The Guqiao plant can produce 10 MWh of electricity yearly and save 150000 tons 

of CO2 emissions. The second big FPV plant in Huainan City is Xinji Huainan, also using 

Sungrow equipment with the capacity of 102 MW which is covering 40% of the water body 

surface [16]. Other plants built in China by Sungrow are: the first big plant of this type in the 

Huainan is Panji Huainan with 40 MW, built in 2016. A plant in Yuanjiang Yiyang with 100 

MW capacity is installed on the surface of Huaihe river in 2019 and is covering 70% of the 

water surface (Figure 7). Other big FPV plants in China are Huancheng Jining with 50MW and 

Weishan Jiing with 31 MW, built on coal subsidence area, Qintang Guigang with 20 MW, 

Yunxi Yueyang (20 MW), Qintang Guigang (20 MW) and Toncheng Anqing (22 MW) which 

was last built in 2020.  

 

Figure 7. Plant in Yuanjiang Yiyang (100MW) on Huaihe river [16] 

Another company developing FPV on large scale is state owned China Energy Conservation 

and Environmental Protection Group (CECEP) which developed a 70 MW power plant in 

Bengbu, Anhui in cooperation with French floating solar specialists Ciel & Terre [50]. The 

plant is located on the mine lake. Chinese Hangzhou Fengling developed a 320 MW project on 

a fishery in Cixi, Zhejiang [51]. The project is developed in 2 phases: the first was finished in 



2017 with the capacity of 200 MW and the second phase in 2020 with the capacity of 120 MW. 

The cost of the second phase was 0.83 USD/Wp [52]. The biggest FPV in the world is developed 

by the China General Nuclear Power Group (CGN) in Dangtu, Anhui with a capacity of 260 

MW on 400 ha. It is the first plant of this type operating without subsidy and is selling electricity 

at a price of 54 USD/MWh [53]. In addition, this project proves it is possible to integrate the 

development of fisheries and floating solar plants – to ensure water quality and conditions for 

aquatic life, monitoring sensors and controllers are installed on PV plants [54]. Another plant 

was developed by SPIC Jiangsu Electric Power on top of the fishery in Sihong with a capacity 

of 100 MW. Although it is not a floating installation but is built on fixed poles, shown in Figure 

8 [55].  

 

Figure 8. The Sihong 100 MW solar fishery plant [55] 

Another 100 MW FPV plant is deployed in Changhe, Sihushan, Yiyang city by China Datang 

Corporation [56]. A list of mentioned plants in China is given in Table 1, with information on 

capacity, location, and name of the developer of the plant. 

Table 1. List of all biggest FPV in China 

Developer Province Plant (City) MW 

Sungrow 

Anhui 

Guqiao, Huainan  150 

Xinji Huainan  102 

Panji Huainan 40 

Toncheng Anqing  22 

Hunan 
Yuanjiang Yiyang 100 

Yunxi Yueyang  20 

Shandong 
Huancheng Jining 50 

Weishan Jining 31 

Guangxi Qintang Guigang  20 

CECEP Anhui Bengbu, Anhui  70 

Zhejiang Cixi, Phase 1 200 



Hangzhou 

Fengling  
Cixi, Phase 2 

120 

CGN Anhui Dangtu, Anhui 260 

SPIC 

Jiangsu 
Jiangsu Sihong 

100 

Datang 

Corporation 
Hunan 

Changhe, Sihushan, 

Yiyang 100 

Total 1385 

 

Japan is one of the pioneers in FPV technology with a 2 MW plant on Reservoir in Kumagaya 

city built in 2014, and many smaller plants built even before [57]. Japan’s large energy demand 

combined with lack of available land needed ingenuity which brought PV technology onto 

lakes. Today’s largest FPV plant in Japan is developed by Kyocera TCL Solar on Yamakura 

Dam reservoir, Chiba Prefecture. The plant has a capacity of 13.7 MW and covers 180000 m2 

[58]. The second biggest plant in Japan is built on an irrigation reservoir in the prefecture of 

Saitama with the capacity of 7.5 MW developed by Ciel et Terre [59].  Another plant built by 

Ciel et Terre in Japan is Tsuga Ike in the prefecture of Mie with 2.5 MW [60]. There are many 

FPV plants in Japan with a capacity lower than 2 MW – by counting all of them Japan has more 

than 70 MW of FPV [57]. 

South Korea is one of the countries that have the biggest plans for deploying floating PV. The 

best proof is the plan of the government to build a 2100 MW FPV plant on Saemangeum 

estuarine tidal flat near. The South Korean Ministry of Trade, Industry and Energy announced 

that around 3.9 billion USD of private funds will be invested [61]. When built, it will be the 

biggest FPV plant in the world. The deal has been agreed to build the first 200 MW phase – it 

will be built by the South Korean SK Group [62]. Among already built plants, the biggest one 

in Korea is developed by SCOTRA on a water reservoir in Goheung-gun county, province of 

Jeonnam with 25 MW capacity [63]. SCOTRA also developed some projects with smaller 

capacity in Taiwan and Japan. 6 MW plant, built on two reservoirs: Otae and Jipyeong is built 

by LG CNS in Sangju, North Gyeongsang Province [64]. 

India has huge potential for FPV installations, and according to the assessment of The Energy 

and Resources Institute in India, it is possible to install 280 GW of FPV in the country [48]. 

There are not so many larger installations in India from before, but in the last years, many 

projects have been announced. The largest plant connected to the grid is a 5 MW plant in 

Murshidabad district, West Bengal; built on a raw water pond at the Sagardighi Thermal Power 

Project owned by The West Bengal Power Development Corp. Ltd (WBPDCL). It was 

commissioned by Bharat Heavy Electricals Limited (BHEL) [65]. 100 MW plant is currently 

being developed by the BHEL for the National power generator NTPC. It will be built in 40 

arrays with 2.5 MW of capacity each. The arrays are installed on top of floaters made of high-

density polyethylene and are produced by Prabh Dayal and Adtech from India [66]. Total 

investment should be 58.8 million USD, which presents a specific cost of 0.59 USD/Wp [21]. 

In Kerala state 92 MW FPV is being built for NTPC in 2 phases. The second phase of 70 MW 

is being built by TATA Power Solar at a cost of 0.69 USD/Wp [67]. Indian Shapoorji Pallonji 

Group is also developing FPV projects. In 2018 they agreed with Uttar Pradesh Power 



Corporation Limited (UPPCL) on a tariff of 46 USD/MWh for the FPV plant with a capacity 

of 50 MW at Rihand dam [68]. On the same reservoir, an additional 100 MW is being built by 

ReNew Power [69]. Shapoorji Pallonji is also developing a project on the Middle Vaitarna Dam 

reservoir which signed a tariff to sell power for 65 USD/MWh to The Municipal Corporation 

of Greater Mumbai (MCGM) [70]. 

Project to build India’s largest FPV plant is developed with a capacity of 600 MW, which would 

also be the largest plant of this type in the world. The plant would be built at Omkareshwar dam 

on Narmada River in Khandwa district, Madhya Pradesh, and the state power management 

company already signed an agreement to buy 400 MW power from the plant that should start 

operating in 2022 or 2023. The total cost of the project is estimated at 410 million USD, which 

sets specific costs at 0.68 USD/Wp [71]. It is interesting to note that national coal mining 

company Singareni Collieries Company Limited is building large floating solar plants – 300 

MW is under construction in different phases on Manair Dam in the Karimnagar district, 

Telangana [72]. Following this project, the mining company is planning to build an additional 

350 MW of FPV in the same region [73]. Additional FPV projects that are being built include 

a 25 MW plant in Andhra Pradesh, a 15 MW Koldam Hydroelectric power plant, 20 MW at 

Anta gas power station. 

Smaller countries like Singapore have a high value of land and lack of space for building 

conventional ground-based PV solar farms. That’s why they can benefit largely from installing 

PV systems on the water surface. Sembcorp is currently building a 60 MW FPV plant on Tengeh 

reservoir and has signed a power purchase agreement with the national water agency PUB [74]. 

Every component of the system is developed to fit the best climate conditions in Singapore and 

PV modules are placed on certified food-grade HDPE floaters that are UV resistant. Also, 

Singapore is testing and building offshore plants due to a lack of land. 

EUROPE 

Some of the first FPV plants have been built in Europe. In 2011 pilot plant was installed in 

Piolenc, France on a quarry lake with 15 kW [75]. The project was developed by French 

company Ciel et Terre that positioned themselves as the leaders of the floating PV market and 

initiated further development of technology. Up to today, Ciel et Terre has installed 520 MW 

of floating solar around the world. In 2020, Ciel et Terre installed 88 MW FPV on the sea in 

Taiwan, which is their first big offshore installation. In the place of the first pilot project in 

Piolenc, the largest French FPV plant has been installed by Bouygues Construction company 

together with French company Akuo that provided the floaters [76]. The modules have been 

supplied by Trina Solar. The plant has a capacity of 17 MW and the total cost was 17 million 

EUR, which means the specific cost is 1.22 USD/Wp [77]. Plant in Piolenc won’t be the biggest 

in France for long. National utility company EDF Renewables is building its first FPV plant on 

a reservoir in the Lazer municipality with a capacity of 20 MW [78]. EDF Renewables is 

developing FPV projects outside of France as well. In Israel EDF commissioned 4 solar projects 

in 2022 with total of 54 MW of capacity [79]. Two of those projects are FPV plants and have 

been built with BELECTRIC [80]. First plant is The Lochamei HaGetaot built on set of fish 

ponds and has a capacity of 19 MW. Second one, smaller is The Holga FPV plant, built on top 

of irrigation pond. 4300 solar panels have capacity of 2 MW and they are covering 70% of the 

water surface [81]. The United Kingdom has developed significant capacity in FPV. The 

biggest and most famous is on a drinking water reservoir Queen Elizabeth II, with a capacity 

of 6.3 MW which is developed by Ciel et Terre [82]. Fresher project based in Europe deals 



with FPV and mooring systems intending to demonstrate potential and reduce the costs of this 

technology [83]. In the Netherlands, there are smaller FPV plants built in the last few years. In 

2020 largest plant was built with a capacity of 27.4 MW capacity near Zwolle by the BayWa 

r.e. company [84]. Portugal, through the national electric utilities company – EDP is aiming to 

support development of floating solar plants. They have installed and are currently operating 

FPV plant on Alqueva reservoir that has capacity of 5 MW [85]. EDP plans to build additional 

capacity, so the plant would have capacity of 70 MW of FPV, which would be part of hybrid 

farm having renewable capacity of 154 MW. Starkraft, a company that develops renewable 

energy sources for over a decade has started developing its solutions for FPV plants. They 

started building an FPV plant on top of the reservoir of the Banja hydropower plant operated 

also by Starkraft in Albania. The PV modules are installed on the circular floating membrane 

that is supplied by Ocean Sun. First 500 kW section has been built, with full capacity expected 

to be 2 MW [86]. Investment is expected to be around 2 million of EUR, which brings us to a 

specific cost of 1.22 USD/Wp. 

 

Figure 9. Strarkraft's planned FPV plant in Banja reservoir, Albania [86] 

NORTH AND SOUTH AMERICA 

In 2008, wine producer Far Niente in Napa Valley, USA went live with one of the first FPV 

plants. The plant has a capacity of 400 kW which is more than the demand of the vineyard [87]. 

In Healdsburg, California is built 4.78 MW FPV plant on a wastewater pond and is operated by 

the White Pine company. It was developed together with FPV specialist Noria Energy [88]. 

Another FPV plant on wastewater storage is operating in Windsor, California with a capacity 

of 1.78MW. It was built by Ciel et Terre and Risen Energy has supplied the PV modules. It is 

interesting that the electricity is sold by the power purchase agreement and will save 5 million 

USD for the Town of Windsor in the next 25 years [89]. In Brazil, at the Batalha hydropower 

plant reservoir will be built 30 MW FPV plant by Tractebel, part of French group Engie [90].  

7. DISCUSSION 

The FPV technology is feasible, especially considering the raging prices of energy in Europe at 

the beginning of 2022. Besides economic feasibility, this technology can reduce water 

evaporation in arid areas and boost the operation of hydropower plants. From the review, it can 

be seen that China is the global leader in the deployment of FPV with more than half of the 

installed capacity. Also, many companies that develop FPV and equipment on the largest scale 

are coming from China. Except for China, big projects are being developed in other Asian 

countries, especially India and South Korea with their suppliers. The highest advancements in 

Europe are made in the United Kingdom. Considering the efforts, the EU is giving to reach 

carbon neutrality, it can be said that FPV is being neglected in some way and is stalling behind 

Asian countries. This can be considered as a paradox considering that some of the largest 



equipment suppliers are based in the EU and the first pilot project of FPV have been developed 

and installed in the EU. Potentials of FPV are especially significant in the Mediterranean region 

that is poorly connected with gas pipelines and smaller islands and remote areas that don’t have 

the best electric interconnections to the European mainland. Another problem in the 

Mediterranean is water scarcity and evaporation from lakes and reservoirs. Great benefits from 

FPV could be in Mediterranean islands like Cyprus and Canary Islands, which have big 

reservoirs for water supply coupled with desalination plants. Developing African countries are 

having problems with water scarcity, high evaporation losses due to hot climate and strong solar 

radiation, and very important growing electricity demand. FPV is a perfect technology to tackle 

these problems. It is proven water evaporation can be suppressed with floating covers, which is 

also an opportunity for the production of clean electricity using PV technology. 

This technology has been proven feasible in India and China with costs between 0.59 USD/Wp 

to 0.9 USD/Wp for large plants. They are being built and operated without subsidies and often 

operate with tariffs guaranteeing them the agreed price. Examples show that those prices can 

be as low as 46 USD/MWh in India and China. Investment costs for plants in Europe are 

currently higher and are around 1.22 USD/Wp.  Figure 10 shows difference in cost in India, 

China and EU. This difference can be also contributed to plants in India and China being much 

larger. Although being more expensive than larger plants in Asia this is a competitive cost 

considering average cost of energy in Europe, with the potential to decrease with further 

development and developing larger plants.  

 

Figure 10. Comparison of investment costs for cheapest FPV plants in China, India and EU 

Europe has many potentials for FPV, from islands in the Mediterranean with water scarcity 

problems to large hydropower plants. These areas would benefit from this technology and 

should include FPV in their energy strategies, especially with growing energy costs at the 

beginning of 2022. It should be questioned why EU and USA are stalling so much behind Asian 

countries, especially considering large effort in western countries to develop sustainable 

solutions in energetics and dependence on fuel imports. Problem could be in strict legislation 

in western countries that is neglecting FPV technology, which can be easier managed for large 

projects in Asian countries. EU is funding different research projects that are creating more 

sustainable future – more focus should be put on FPV due to its potentials. Important barrier 

could be impact on aquatic life and biodiversity. 
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8. CONCLUSIONS 

Asian countries recognized the potential and benefits of developing FPV and are showing that 

this technology can be feasible without national subsidies. Among the most developed western 

countries, UK and Japan have significant capacity in FPV, but the USA and European Union 

are stalling. In EU the situation depends from country to country. It can be said that France and 

Portugal have made significant efforts through national electric utility companies to support 

development of FPV plants and can be an example to other countries. European countries 

should develop strategies for the development of FPV especially due to existing of equipment 

suppliers, public acceptance and desire for carbon neutrality, high prices of land and water 

scarcity in some areas. The continent with the greatest potential is Africa, but for many 

developing countries it’s difficult to fund big projects by themselves. This is a great opportunity 

for humanitarian organizations, but also for investors that can help develop water resources and 

power generation with FPV. All that can be done in a feasible way both for investors and for 

the service recipients. This work presented overall analysis of the technology, showing that 

FPV is feasible and should be one of the answers to growing demand for clean electric energy, 

but also to demand for water in arid areas. This review has analysed most noticeable projects 

that have been developed in each continent, but also future projects that could be impactful to 

the society. Detailed analysis should be made about potentials of FPV in developing countries. 

That analysis should produce ideas how would FPV help the growing demand for electricity 

and help manage water resources in the best manner. Important question is how the FPV 

influences aquatic life is underneath the solar panels, and which percentage of the lake can be 

covered without having bad impact on it. Answer could be found in examples of fisheries in 

China being covered almost completely with FPV plants. In future work it should be examined: 

• What are the influences of covering the lakes with FPV plants on aquatic life, on 

nitrification and deoxygenation? It would be useful to determine which coverage rate of 

water surface doesn’t present a negative effect on aquatic life. This topic is out of the 

scope of mechanical and electrical engineering and should be examined in terms of 

chemistry and biology. 

• Current legislation for installation of FPV in countries. In the EU, are there any 

initiatives to boost research and implementation of FPV technology? Even with EU 

initiatives, national legislations are the most important factor for the wider 

implementation of the technology. 

• Modelling and experimental analysis of FPV panel cooling, to compare the efficiency 

and longevity with ground mounted PV. 

 

  



INDEX OF ABBREVATIONS 

BHEL Bharat Heavy Electricals Limited 

CECEP China Energy Conservation and Environmental Protection Group 

EDF Électricité de France - French electric utilities company 

EDP Energias de Portugal - Portugese electric utilities company 

ETH Eidgenössische Technische Hochschule (Swiss Federal Institute of Technology in Zürich) 

FPV Floating photovoltaic 

HDPE High density polyethylene 

LCOE Levelized cost of energy 

MCGM The Municipal Corporation of Greater Mumbai 

NTPC National Thermal Power Corporation 

PV Photovoltaic 

SDEWES 
The International Centre for Sustainable Development of Energy, Water and 

Environment Systems 

UPPCL Uttar Pradesh Power Corporation Limited 

USD United States Dollar 

WBPDCL The West Bengal Power Development Corp. Ltd 
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