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Abstract
Floating photovoltaic system for reservoirs is a recent innovative technology that is highly advantageous in reducing evapora-
tion while generating solar power. In addition, the integration of floating photovoltaic systems with the existing hydroelectric 
power plants will increase renewable power production. The present study aims to assess the electrical performance of floating 
photovoltaic systems in major reservoirs with existing hydroelectric power plants in India. The reservoirs with large water 
surface area were selected for the study, and a model floating photovoltaic system with a 5-MW capacity was designed for 
the selected reservoirs. The numerical analysis showed that installing floating photovoltaic systems will result in an annual 
energy yield of 160 GWh. Further, the systems also save 1.40 million cubic meters of water per day and also help in generat-
ing additional energy of 514.80 MWh/day from the saved water through its integration with hydroelectric power plants. A 
single-axis tracking mechanism to the floating photovoltaic systems will increase the annual energy generation by 11%. The 
detailed cost analysis and carbon emission analysis were also carried out. The results indicate that the tracking mechanisms 
increase the total installation cost of the systems. The annual carbon emission reduction from the floating photovoltaic sys-
tems accounts for about 3.30 million tons of  CO2. The obtained results highlight the suitability of this innovative technology 
for installation in Indian reservoirs and its effectiveness in reducing evaporation and carbon emission.
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Abbreviations
BoS  Balance-of-system
CO2  Carbon dioxide
CSP  Concentrated solar power
FPV  Floating photovoltaic
FPCS  Floating photovoltaic cover system
GHI  Global horizontal irradiation
GW  Gigawatt
HDPE  High-density polyethylene
HEPP  Hydroelectric power plant
INDC  Intended nationally determined contributions
MW  Mega-watt
NASA  National Aeronautics and Space Administration
PET  Potential evapotranspiration
POA  Plane of array
PR  Performance ratio
PV  Photovoltaic
RES  Renewable energy sources
SEC  Specific electricity consumption
TMY  Typical metrological year

Introduction

Until the last decade, the primary source of power gen-
eration is fossil fuels, which lead to enormous carbon 
emissions that adversely affect the environment (IEA 
2021). Industrialization and increase in population led 
to the fast depletion of fossil fuels in recent years and 
resulted in the exponential rise in energy demand. It 
has been predicted that the global energy demand will 
increase by 50% in the next thirty years (Trapani and 
Millar 2013). This highlights the necessity for sustain-
able energy production with reduced carbon emission 
through renewable energy solutions using solar, wind, 
tidal, and hydropower sources. The world nations are 
also prioritizing the research and development in the 
field of renewable energy, which resulted in 181 GW of 
renewable energy production in 2018 by increasing the 
global renewable power production to 2378 GW. Further, 
a reduction in the use of fossil fuels and nuclear power 
has also been noticed due to the increase in renewable 
energy production. Studies also estimated that renew-
able energy has the potential to provide 27.3% of global 
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electricity. In particular, renewable energy production 
in India accounts for about 21.4% of the global electric-
ity generation. India stands fourth in renewable power 
investments and third in solar energy installations 
(IRENA 2019). The growth India’s renewable power 
industry is remarkable and has made a significant con-
tribution to reducing carbon emissions. Considering the 
noteworthy improvements in renewable energy, studies 
on the suitability of innovative renewable energy tech-
nologies are necessary to improve energy production 
further.

India plays a significant role in promoting the instal-
lation of solar-based energy production globally and 
increased the country’s installed capacity by more than 
11% in the last five years (Murdock et al. 2021). The 
total installed solar photovoltaic (PV) capacity in India 
is 33.73 GW from the roof-mounted PV systems, 27.93 
GW from the ground-mounted PV systems, and 0.92 GW 
from offshore PV plants. According to the new renewa-
ble resources report by the Indian government, the gross 
electricity generated from the solar PV sector is 39268 
GWh in 2019 (MNRE 2019). The suitable irradiation 
level and 300 average clear sunny days in India are the 
major motivation for the increasing solar PV installa-
tions (Jain et al. 2011).

One of the recent innovations in solar power produc-
tion is the installation of floating photovoltaic (FPV) 
panels in the water bodies (Ranjbaran et al. 2019; Sahu 
et al. 2016). The FPV system is the method of position-
ing the solar PV modules on the deck, which has enough 
buoyancy to float itself on the water storage structures 
such as lakes, ponds, and reservoir and wastewater 
basins. In addition to power generation, installing FPV 
systems in open reservoirs will also reduce evaporation 
by covering the water surface area from direct sunlight. 
The total installed capacity of FPV systems worldwide 
had reached 505 GW in 2018 (Gorjian et al. 2020). The 
largest installed capacity of the FPV system in the world 
is 150 MW in the region of Anhui, China (Naganan-
thini et al. 2020). In India, the first FPV system was 
installed in 2015 with a capacity of 10 kW. At present, 

the 2-MW FPV plant in Vishakhapatnam is India’s larg-
est FPV system in operation. India considers FPV as the 
third pillar of solar technology and aims at continuously 
increasing the cumulative installed capacity of the FPV 
systems. With 18,000  km2 of water surface area, India 
can hold FPV systems up to 250 GW capacity (Acharya 
and Devraj 2019).

Despite the availability of enormous water bodies, India 
faces acute water shortages during summer. Water scar-
city remains a persistent problem in several regions of the 
country, even throughout the year. This can be attributed 
to the loss of stored water from the reservoirs by evapora-
tion due to the hot and dry daytime temperature in summer 
(Krishnan et al. 2020; Rao et al. 2012). A suitable struc-
tural system or methodology to reduce water evaporation 
is necessary to overcome drought conditions. However, 
the design and installation of systems solely to minimize 
water evaporation in open reservoirs are not cost-effective, 
especially for a developing nation like India. In this con-
text, FPV systems can be an effective solution to avoid 
evaporation while producing solar power. Several studies 
reported the effectiveness of the FPV systems in reducing 
the evaporation up to 90% through experimental and ana-
lytical investigations (Azami et al. 2017; Liu et al. 2017; 
Lopes et al. 2020; Mckay 2013; Mittal et al. 2017; Naga-
nanthini and Nagavinothini 2021; Nazififard et al. 2017; 
Ravichandran et al. 2021; Rosa-Clot et al. 2017; Santafé 
et al. 2014; Taboada et al. 2017). The significant obser-
vations in terms of installed capacity and water-saving 
effect of the FPV plants from the literature are outlined 
in Table 1.

An additional advantage of the FPV system is the pos-
sible combination of the FPV plants with the hydroelectric 
power plants (HEPPs) in the reservoirs. Recent studies 
reported that the combination of renewable technologies 
had resulted in a higher energy yield (Cazzaniga 2020; 
Lee et al. 2020; Nagananthini and Nagavinothini 2021; 
Rosa-clot and Tina 2020). In India, the installed capacity 
of HEPP is about 44.95 GW, which accounts for 13.50% 
of the nation’s total power generation capacity (MNRE 
2019). Thus, hybridizing these renewable energy sources 

Table 1  Comparison of 
installed capacity and water-
saving effect of FPV systems

Sl. no. Location of FPV plant Installed 
capacity 
(MW)

Area of cover-
age of FPV (%)

Water-
saving  (m3/
year)

1 Mettur Reservoir, India (Ravichandran et al. 2021) 3.5 30 1.8 ×  105

2 Vaigai Reservoir, India
(Nagananthini and Nagavinothini 2021)

1.0 30 4.3 ×  104

3 Mossoro basin, Brazil (Lopes et al. 2020) 1.20 ×  106 70 4.2 ×  109

4 China (Liu et al. 2017) 1.60 ×  105 2 2.0 ×  1027

5 Kishore Sagar lake, India (Mittal et al. 2017) 1.0 20 5.5 ×  108

6 South Australia (Rosa-Clot et al. 2017) 9.4 100 2.5 ×  104
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through the implementation of FPV in the reservoirs with 
inbuilt HEPP will result in additional advantages in terms 
of reduced cost, water savings, existing infrastructure for 
grid connection, and possibilities of intermittent power 
operation (Cazzaniga et  al. 2018; Ravichandran et  al. 
2021). Land acquisition for large-scale implementation of 
PV plants is becoming a persistent problem in rural agri-
cultural and urban residential areas. Also, it is essential to 
note that the global HEPP installed capacity has reached 
its maximum level. In this context, FPV can be seen as 
an efficient solution that eliminates the power deterring 
factors in both renewable power generators. Further, addi-
tional factors such as reduced soiling loss and automated 
water evaporative cooling make FPV more efficient than 
land- and roof-mounted PV systems.

The performance and installation potential of the FPV 
system depend on the percentage of water area covered, 
water-level fluctuations, the purpose of the reservoir, 
and the location of the proposed plant (Haas et al. 2020). 
Hence, the installation of FPV plants in reservoirs is 
highly beneficial when compared to that of lakes. Further, 
the dams with HEPP will benefit from using the water 
saved from evaporation for hydropower generation. The 
increase in hydropower generation due to the hybridiza-
tion of HEPP with FPV plants has also been reported in 
the literature (Farfan and Breyer 2018; Lopes et al. 2020). 
However, detailed studies on the suitability of this novel 
technology in India, with specific attention to hybrid FPV-
HEPP systems, are scarce in the literature. Few studies had 
reported the performance analysis of model FPV systems 
in specific dams in India (Nagananthini and Nagavinothini 
2021; Ravichandran et al. 2021). But the large-scale per-
formance analysis covering the entire nation to highlight 
the chances of potential improvement in solar power pro-
duction in India is not available.

The aim of the present study is to assess the perfor-
mance of FPV plants as a covering system for Indian 
reservoirs to reduce evaporation and the possibility of 
hybrid FPV-HEPP systems in India. Initially, 20 Indian 
reservoirs with the largest water surface area and inbuilt 
HEPPs were selected for the study. A preliminary design 
of a 5-MW model FPV plant was carried out for all the 
selected reservoirs. The numerical models of the demon-
strative FPV plants were developed using HelioScope, 
and detailed numerical analyses were then carried out 
to assess the electrical performance of the systems. The 
carbon footprint and economic analysis of the FPV sys-
tems were also carried out to investigate the additional 
benefits of the system. The annual energy yield, water, 
and land-saving effects are reported, and improved power 
generation capacity of HEPP by utilizing the saved water 
from evaporation through FPV implementation is also dis-
cussed. With the fast-growing solar energy installations 

in India, the results presented in this study will positively 
contribute to the solar sector in selecting the location for 
installation and preliminary design of FPV systems.

The main scope of the present study is to investigate the 
influence of hybrid FPV plant installation on the annual 
evaporation and carbon emission in India. This investiga-
tion focused on India can be seen as an important contri-
bution to the sustainable growth of power generation in 
the nation with arid or semiarid climate conditions cou-
pled with high irradiation levels. Concerning the mete-
orological and geographical conditions of the country, the 
proposed solution using FPV covering system will use 
available irradiation to produce solar power, combat water 
evaporation, and reduce carbon emission. The novelty of 
the study lies in the comprehensive analysis of the novel 
FPV systems in major reservoirs in India and the detailed 
assessment of their positive effect on the environment. 
This multidisciplinary study focused on the electrical, 
structural, and environmental aspects of the innovative 
FPV systems is carried out by a team of researchers from 
India and Italy from September 2020 to February 2021.

Need for FPV system—A hybrid power 
source solution to India

The climate of India is the tropical monsoon type divided 
into winter, summer, southwest, and northeast monsoon. 
The increase in temperature and seasonal variations 
in recent years increases the evaporation rate of fresh-
water sources. According to the report released by the 
National Aeronautics and Space Administration (NASA), 
the National Oceanic and Atmospheric Administration 
(NOAA), and the United Kingdom meteorological office, 
the year 2019 was recorded as the second hottest year of 
the decade, during which most of the cities in India had 
faced acute water scarcity. According to the Centre for Cli-
mate Change Research, the average temperature increase 
in India is estimated to be approximately 4.4 °C (Krishnan 
et al. 2020). With this continuous temperature rise, the 
need to preserve water during monsoon seasons becomes 
essential. The artificial reservoirs are meant to store the 
water at its availability during monsoon rainfall and utilize 
them during drought conditions. But the effect of tempera-
ture rise leads to wastage of water without being appropri-
ately used (Panneerselvam et al. 2020, 2021). Every year, 
a massive amount of consumable water is wasted due to 
evaporation.

The amount of evaporation is usually assessed using 
potential evapotranspiration (PET). To determine the 
nominal evaporation rate in India, PET was calculated for 
50 meteorological stations all over India using the avail-
able meteorological data from 1981 to 2020. The PET 



7955International Journal of Environmental Science and Technology (2022) 19:7951–7968 

1 3

rate was calculated using the Penman–Monteith method, 
the standard method for calculating the evaporation rate. 
The following expression was used to find the PET of the 
selected stations in India (Rao et al. 2012):

where ETo is the reference evapotranspiration (mm/day), Δ 
is the slope of the vapor pressure curve (kPa°C−1), u

2
 is 

the wind speed at 2 m height (m/s), Rn is the net radiation 
 (MJm−2/day), G is the soil heat flux density  (MJm−2/day), es 
is the saturation vapor pressure (kPa), ea is the actual pres-
sure (kPa), � is psychometric constant (kPa°C−1), and T  is 
the mean daily air temperature at 2 m height (°C) (Penman 
1948). The comparison of annual and seasonal potential PET 
from 1981 to 2020 in the 50 meteorological stations in India 
is shown in Fig. 1. The evapotranspiration rate is potentially 
high during summer in all meteorological stations, and it 
ranges from 3.69 to 9.90 mm/day. Due to the tropical climate 
in India, the minimum value of PET observed in the meteor-
ological stations even during the winter season is 1.79 mm/
day. This highlights the need to avoid evaporation and loss 
of water stored for irrigation and drinking purposes in open 
reservoirs throughout the year.

Several attempts have been made to identify an efficient 
solution to mitigate the freshwater loss due to evaporation, 
including covering the reservoirs with waterproof geo-
membrane such as floating covers, chemical monolayers, 
and water shades. Studies also reported the effectiveness 
of these techniques in reducing evaporation by 80% (Craig 
et al. 2005). The recent innovation in transforming the cov-
ering material with FPV panels will help in reducing the 

(1)ETo =
0.408Δ

(

Rn − G
)

+ �
900

T+273
u
2

(

es − ea
)

Δ + �(1 + 0.34)u2

evapotranspiration and also provides additional electric-
ity (Ferrer-Gisbert et al. 2013; Kougias et al. 2016). This 
Floating Photovoltaic Covering System (FPCS) technique 
can provide solutions to both water and energy demands 
in highly populated developing nations like India. Studies 
state that covering 10% reservoir coverage by FPV systems 
will reduce evaporation by 6–18%, and the power produc-
tion can be increased up to 23%. Further, the FPV system 
covering the entire reservoir surface has saved a thousand 
gallons of water annually, which is equivalent to 25% of 
the reservoir storage capacity (Santafe et al. 2014). The 
additional advantage of the FPV system is the reduction in 
land use for solar power generation. Even though the FPV 
installation does not use a water source as its energy vec-
tor, it is a medium to reduce the panel temperature, which 
helps in increasing the efficiency of the panels (Cazzaniga 
et al. 2018).

Existing FPV plants worldwide are installed in stagnant 
water bodies like ponds, lakes, and reservoirs to avoid 
excessive external forces on the floating platforms devel-
oped due to wave and wind action. Implementing FPV 
systems in moving water bodies such as rivers requires 
more resilient floating platforms capable of holding the PV 
arrays in position, adequately oriented at an optimum title 
angle. In addition, the abrupt change in the water depth of 
running water bodies also endangers the position restrain-
ing systems of the FPV plants. Due to the challenges asso-
ciated with the stability and cost of such systems, FPV 
plants in moving water bodies are not highly advantageous 
compared to stagnant water bodies. Despite the challenges 
related to the wind, wave, and tidal action, FPV systems 
are being installed in offshore locations in recent years 
(Trapani and Miler 2013; Trapani and Santafe 2015). This 
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can be attributed to the current research advancements in 
designing highly reliable FPV systems suitable for harsh 
offshore environments.

Effects of HEPP‑FPV integration

The capacity of installed solar and hydropower capacity 
is increasing steadily over the last ten years. The installed 
capacity and the amount of electricity generated from 
solar and hydroelectric power plants in India from 2010 
to 2018 are listed in Table 2. In the hydropower installa-
tion and electricity generation data, the output from the 
pumped hydroelectric power plants is excluded and ther-
mal photovoltaic technology is not considered in the solar 
sector. The presented information is focused only on the 
HEPP in the reservoirs and ground or roof-mounted solar 
PV systems. The annual average increase in the installed 
capacity of HEPP and solar PV systems is 1.1 GW and 
3.9 GW, respectively. The tremendous growth in solar PV 
installations can be mainly observed after 2013.

Despite the global market stability of hydropower 
technology, the increase in power generation capacity 
of HEPP installations is comparatively lower than that 
of solar and wind energy plants in recent years. This 
is due to the fact that the worldwide hydropower gen-
eration capacity of the reservoirs has already reached 
its maximum level. In addition, most HEPPs demand a 
modernized upgrade to enhance the total working hours 
to avoid frequent turbine faults of the aged components 
(Cazzaniga et al. 2019). The shift in recent technology in 
integrating variable sources of renewable energy such as 
solar, wind, and hydropower is the emerging solution in 
the global market to increase the renewable energy share 

in the power sector. In this context, the hybrid FPV-HEPP 
is more advantageous compared to stand-alone FPV sys-
tems or HEPPs.

The main advantages of the hybrid HEPP-FPV systems 
are the available grid connectivity, battery storage, and 
high efficiency compared to standalone PV systems (Gul-
agi et al. 2017). In addition, this integration of renewable 
power technologies aids in the intermittent operation of 
HEPP (Farfan and Breyer 2018). Intermittent operation 
refers to the utilization of power produced from the FPV 
system during high irradiation levels to match the grid 
requirements and to tune the hydroelectricity production 
when the radiation is not enough or absent. This helps in 
avoiding the turbine damages in HEPPs due to continuous 
operation. In addition, the saved water through evapora-
tion reduction can be effectively used for hydropower gen-
eration. Hence, the integration of FPV plants and HEPPs 
will result in direct and indirect water-saving effects. The 
water saved through the reduction of evaporation is the 
direct water-saving effect. Since FPV systems are utilized 
as a substitute for HEPP to facilitate intermittent operation 
during peak hours, the equivalent water consumption by 
HEPP for generating the equal amount of electricity pro-
duced by FPV systems corresponds to the indirect water-
saving effect (Liu et al. 2017).

Evaporation mitigation through the installation of FPV 
systems in open water reservoirs is directly proportional 
to the area of the FPV plant that covers the water sur-
face. Complete covering of the reservoir water surface to 
increase power production through FPV systems obstructs 
the intrusion of sunlight. It may result in long-term 
impacts on the water quality and aquatic life. The reduc-
tion in short-wave radiation modifies the thermal stratifica-
tion of the reservoir, which in turn affects the deep-water 
oxygen. FPV installation impacts marine aquaculture and 
alters the food web, fishing pattern, migratory bird habi-
tats, and surface diving birds. In addition, the photodeg-
radation of chemical compounds reduces the quality of 
water and increases the cost of water treatment. Thus, it is 
advisable to limit the percentage of covering to 25–30% of 
the total reservoir area (Acharya and Devraj 2019). To this 
end, the present study aims at presenting the advantages 
of this innovative technology, even with smaller coverage 
areas.

Materials and methods

Indian reservoirs selected for the study

A detailed numerical investigation of the model FPV sys-
tems in 20 reservoirs with HEPP throughout India was car-
ried out in the present study to predict the advantages of 

Table 2  Power installation and generation capacity of HEPP and PV 
system (IRENA 2019)

Year HEPP Solar

Installed 
capacity 
(MW)

Electricity 
generation 
(GW)

Installed 
capacity 
(MW)

Electricity 
generation 
(GW)

2010 35,866 107,176 65 65
2011 37,631 119,724 563 305
2012 38,250 128,145 979 969
2013 39,388 121,004 1446 1600
2014 40,621 135,865 3444 2739
2015 42,317 130,562 5365 5619
2016 42,838 125,211 9651 9822
2017 44,751 126,402 17,923 17,768
2018 45,296 131,650 27,127 30,707
2019 45,440 139,584 34,831 49,657
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covering the water surface of the reservoirs with PV pan-
els. Reservoirs located in 13 different states of India with 
a water surface area greater than 100  km2 were selected 
for the study. The details of the selected reservoirs are 
listed in Table 3. The reservoirs are not selected based 
on the incoming irradiation levels of the location since 
the irradiation level across India is fair enough for power 
generation from the solar PV system throughout the year. 
The location of each selected reservoir is shown in Fig. 2. 
The water surface area of the selected reservoirs ranges 
from 153.46 to 2453  km2, and the hydropower generation 
capacity of the reservoir varies from MW to GW levels.

Rajghat reservoir is the largest reservoir in India 
located in Uttar Pradesh on Betwa River, and the Rihand 
reservoir has the HEPP plant with a large hydropower 
capacity in the country. Indira Sagar dam has the second-
largest reservoir with 1000 MW HEPP located in Madhya 
Pradesh. Srisailam dam on the river Krishna in Andhra 
Pradesh, Sardar Sarovar dam on river Narmada in Gujarat, 
and Bhakra dam (Gobind Sagar reservoir) on river Sutlej 
in Himachal Pradesh also have HEPP plants with a high 
capacity of more than 1000 MW. Ukai reservoir is the 
second-largest reservoir in Gujarat next to Sardar Saro-
var, constructed on the river Tapi. Hirakud reservoir is the 
third-largest reservoir in Odisha with historic values like 
Asia’s largest artificial lake and India’s first multipurpose 
dam after its independence. Rengali reservoir is located in 

from Odisha, with the water surface area half that of Hira-
kud. Karnataka holds the three largest reservoirs, namely 
Almatti, Tungabhadra, and Linganamakki in river Krishna, 
Tungabhadra, and Sharavati.

Sriram Sagar reservoir on the river Godavari is the 
lifeline of the larger part of Telangana state. Apart from 
irrigation and power production, the reservoir also aids in 
flood control. Jayakwadi reservoir is also constructed on the 
same river in Maharashtra with the lowest HEPP capacity 
among the HEPPs in the selected dams. Nagarjuna Sagar 
dam stands between Andhra Pradesh and Telangana, and 
it is the world’s largest and highest masonry dam. It is the 
primary source of irrigation and drinking to urban cities of 
the state. Maharana Pratap Sagar, situated in the foothills of 
Himalaya on the Beas River, is the crucial fishing reservoir 
of Himachal Pradesh. It is also declared as Ramsar Wet-
land site due to its rich waterfowl diversity. Gobind Sagar 
reservoir is also located on Himachal Pradesh and Punjab 
border. It is the second tallest dam in Asia and the highest 
straight gravity dam in India serving water for irrigation to 
Punjab, Haryana, Himachal Pradesh, and Rajasthan (Jain 
et al. 2007).

Hasdeo Bango reservoir on Hasdeo River is the first 
multipurpose water project in Chhattisgarh with three 
units of 40 MW capacity of HEPPs. Chandil reservoir 
is a multipurpose project in Jharkhand located on the 
river Subarnarekha. Finally, the Mettur reservoir on river 

Table 3  Largest reservoirs in India selected for the study

Sl. no. Reservoir State River Latitude (N) Longitude (E) Total surface 
area  (km2)

Installed capacity 
of HEPP (MW)

1 Rajghat Uttar Pradesh Betwa 24°45′47" 78°13′57" 2453.00 45.00
2 Indira Sagar Madhya Pradesh Narmada 22°17′03" 76°28′17" 913.48 1000.00
3 Hirakud Odisha Mahanadi 21°32′57" 83°54′04" 743.00 331.50
4 Srisailam Andhra Pradesh Krishna 16°05′12" 78°53′49" 616.42 1670.00
5 Ukai Gujarat Tapi 21°14′03" 73°34′42" 600.95 300.00
6 Almatti Karnataka Krishna 16°20′42" 75°54′04" 487.87 290.00
7 Rihand Uttar Pradesh Rihand 24°12′11" 83°00′22" 468.00 300.00
8 Sriram Sagar Telangana Godavari 18°58′00" 78°20′00" 450.82 27.00
9 Jayakwadi Maharashtra Godavari 19°28′30" 75°23′08" 398.00 12.00
10 Rengali Odisha Brahmani 21°15′49" 85°01′12" 378.40 250.00
11 Tungabhadra Karnataka Tungabhadra 15°15′47" 76°19′54" 349.20 36.00
12 Sardar Sarovar Gujarat Narmada 21°49′49" 73°44′54" 348.67 1450.00
13 Linganamakki Karnataka Sharavati 14°10′33" 74°50′47" 317.28 55.00
14 Nagarjuna Sagar Telangana Krishna 16°34′33" 79°18′44" 284.90 815.00
15 Maharana Pratap Sagar Himachal Pradesh Beas 31°58′15" 75°56′45" 260.00 396.00
16 Rana Pratap Sagar Rajasthan Chambal 24°55′04" 75°34′52" 198.29 172.00
17 Hasdeo Bango Chhattisgarh Hasdeo 22°39′28" 82°39′00" 188.47 120.00
18 Chandil Jharkhand Subarnarekha 22°58′27" 86°01′08" 174.09 130.00
19 Gobind Sagar Himachal Pradesh Sutlej 31°24′42" 76°25′58" 168.35 1325.00
20 Mettur Tamil Nadu Cauvery 11°48′12" 77°48′23" 153.46 250.00
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Cauvery of Tamil Nadu is the identified spot of the state 
government to implement its first floating PV of 100 MW 
capacity. All these selected reservoirs are the major source 
of freshwater for agriculture, industrial, and domestic pur-
poses. Thus, implementing FPV system will enhance their 
serving purpose in a better way by reducing evaporation. 
Further, the integration of FPV with the inbuilt HEPPs 
will result in increased renewable power production.

Preliminary design and numerical modeling of FPV 
plants

For all the selected dams, a model FPV plant was pri-
marily designed with a nameplate DC capacity of 5 MW, 
and the simulation was performed using the software 
HelioScope (Helioscope 2020). The metrological data 
in the form of the typical metrological year (TMY) for-
mat, which includes irradiation, temperature, wind veloc-
ity, and albedo of the reservoir, were collected from the 
NASA database from 2000 to 2020 (NASA(POWER) 

Fig. 2  Location of selected reservoirs in India
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2020). These data sets were used to estimate the power 
generation of the FPV systems by reasonably sizing the 
annual dataset with hourly meteorological values over a 
period. Along with these data, the additional information 
required for the numerical analysis includes: (i) sun path 
data to estimate the solar surface angle required to calcu-
late the plane of array (POA) and total collector irradiation 
(UO-SRML 2019) and (ii) horizon data of the FPV sys-
tem obtained from Photovoltaic Geographical Information 
System (PVGIS) to estimate the shading and reflection 
loss due to trees and hills. The annual global horizontal 
irradiation (GHI) and the plane-of-array (POA) irradia-
tion were calculated using the transposition model for the 
selected locations. Since the PV panels are placed at an 
optimum tilt angle from the horizontal surface, the trans-
position model converts the irradiation data incident on 
the horizontal surface to the surface inclined at a required 
angle. The diffused radiation on the PV panels inclined at 
any angle was calculated using the Hays model (McAr-
thur and Hay 1978). Albedo coefficient, a measure of the 
irradiance reflected by the PV panel was calculated using 
the reflected radiation on the titled PV module. Literature 
states that the albedo coefficient for the water reservoirs in 
India varies from 0.19 to 0.19 (Mani et al. 1975).

In the preliminary design of the model FPV system, 
Trina solar TSM-PD14 (320 W) type polycrystalline PV 
panels were considered. The panels were supported on 
pontoons made up of high-density polyethylene (HDPE). 
The height and row spacing of the HDPE pontoons were 
assumed to be 0.5 m. Each pontoon will accompany a pair 
of PV modules. Pontoons were interconnected to form a 
row of PV arrays. The spacing between each row of PV 
panels was taken as 0.15 m to provide a catwalk for the 
operation and maintenance of PV panels. Submerged or 
floating cables were considered to connect the FPV array 
with the substation. In the FPV system, the substation with 
central inverters is either floating type when the array is 
away from the shore or grounded type when the array is 
close to the land.

The major factors responsible for the maximum output 
power are the direction and position of the FPV array. 
Since India is located in the northern hemisphere, the PV 

modules should be placed in due south direction with a 
collector azimuth angle equal to 180° (Stine and Geyer 
2001). The horizon data of the south-faced FPV systems 
in the selected reservoirs were obtained from PVGIS to 
arrive at the optimum horizon height. The suitable align-
ment of FPV panels facing solar azimuth angle corre-
sponding to the respective lower horizon height will help 
reduce the shading losses in the FPV plants.

The position of the FPV array in any reservoir depends 
on the mooring and anchoring feasibility, access to grid 
connection, and other external disturbances (Chan-
drasekaran and Nagavinothini 2018, 2019). In integrated 
FPV-HEPP systems, the distance of the FPV system 
from the HEPP substation is one of the major factors that 
determine the location of the FPV system to minimize 
the resistance loss of connecting wires. The location of 
the FPV systems in the selected reservoirs was selected, 
considered all these factors into account. The position of 
the 5-MW model FPV system in Rajghat reservoir and 
Indira Sagar reservoir is shown in Fig. 3. In the Rajghat 
reservoir, the FPV array is positioned near the reservoir 
bank. In this position, one side of the FPV array can be 
bank-anchored where the edges of the array can be con-
nected using nylon or chain ropes, while the other side 
can be pile-anchored using concrete blocks placed at the 
bottom of the water body. FPV array being away from the 
bank of India Sagar reservoir, the entire system can be 
held in position using pile anchoring system.

The soiling losses in FPV systems are comparatively 
lesser than that of land-based PV systems, and the soiling 
factors for the FPV systems were assumed in the range of 
1–2%. A constant derate factor of 0.5% was assumed to 
minimize the losses associated with the AC system. The 
module DC nameplate was calculated using the number of 
modules used in the FPV plant and the maximum power of 
the PV panel at nominal operating cell temperature condi-
tions (irradiance = 800 W/m2; wind velocity = 1 m/s; cell 
temperature = 20 °C). Then, the maximum potential power 
of the PV array was calculated using the total collector 
irradiance and the PV power output. The energy trans-
mitted to the grid was then calculated using the maxi-
mum potential power of the PV array. The manufacturing 

Fig. 3  Location of 5-MW 
model FPV system in a Rajghat 
reservoir and b Indira Sagar 
reservoir
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tolerance of the PV module was assumed to be uniformly 
distributed, with the module range varying from -2.50% 
to + 2.50%.

Another important aspect in the design of the FPV array 
is the shape of the FPV system. The shape of the system 
should be selected based on the shape of the water body, 
water level during off monsoon seasons, and the drag 
forces on the FPV system. Thus, square, rectangular, and 
circular FPV array systems were suitably selected for the 
reservoirs considered in the study. The different shapes 
of the FPV systems considered in the present study for 
Nagarjuna Sagar, Indira Sagar, and Srisailam reservoirs 
are shown in Fig. 4. The size of the single FPV array was 
decided considering the negative impacts of wind and 
wave action. Even though the adverse effect of wind and 
wave forces on FPV systems located in reservoirs is con-
siderably low compared to that of offshore locations, these 
factors need to be considered to avoid mooring failure 
of the systems under extreme conditions due to natural 
calamities (Chandrasekaran and Nagavinothini 2020; 
Nagavinothini and Chandrasekaran 2019). To this end, 
the FPV plant can be designed as a single large system 
(Fig. 4a, c), or it may be divided into several small parts 
of the FPV array (Fig. 4b).

The power output obtained from the numerical model 
of the FPV systems developed in the present study is iden-
tified to be in a similar range to the power output from the 
existing FPV systems in India. However, a direct com-
parison of results is not possible due to the variation in 

the type of the PV panels used in the FPV systems and the 
non-availability of onsite experimental data. Based on the 
reasonable assumptions on the major parameters used in 
the assessment of electrical performance, the numerical 
model tends to provide acceptable accuracy.

Results and discussion

Power generation from model FPV plants

The optimum tilt angle (β) of the PV panels was selected 
by numerical analyses of the model FPV plant by varying 
the tilt angle from flat (0°) to vertical position (89°). It 
was found that the tilt angle of 10° to 20° had resulted in 
maximum power generation due to higher POA irradiance. 
Further, a variation in the power generation capacity of the 
FPV plants at different reservoirs was also observed due to 
the variation in the solar irradiation levels at the selected 
locations. The varying shape of the FPV array at different 
reservoirs also tends to modify the total area required for 
the 5-MW FPV plant considered in the study. The total 
area of the FPV model plant ranges from 43,272.51 to 
44,988.4  m2, with an average area of 44,330.56  m2.

The electrical performance of the FPV plants with opti-
mum tilt angle at selected reservoirs is listed in Table 4. 
As seen from the results, the installation of 5-MW FPV 
plants at 20 reservoirs will result in an annual energy yield 
of 159.64 GW. The energy harvesting capacity of the FPV 
plant changes following the intensity and duration of the 
irradiation levels of the location. High energy density is 
observed in the model FPV system in the Sardar Sarovar 
reservoir. Followed by the energy yield, the performance 
ratio (PR) and specific yield ( kWh∕kW) of the FPV system 
were also studied. The performance ratio of the FPV sys-
tem is calculated using the following expression (Helio-
scope 2020):

PR of 75% and above is achieved in all the selected 
reservoirs, with a maximum value of 80.30% in Mettur 
reservoir, Tamil Nadu. The specific yield (kWh/kW) of the 
system is the ratio of energy yield to the installed capac-
ity of the FPV system. The specific yield value of the 
FPV systems in the selected 20 reservoirs ranges from 

(2)
Performence rattio (PR) =

Energy supplied to the grid (kWh)

Total power output of the PVsystem (kW) ×
POA Irradiance

(

kW

m2

)

STC Irradiannce
(

kW

m2

)

Fig. 4  Shape and position of FPV array in a Nagarjuna reservoir and b Indira Sagar reservoir and c Srisailam reservoir
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1442.40 to 1728.80 kWh/kW, with the maximum value in 
the Sardar Sarovar dam.

The average power density of the existing FPV plants 
all over the world accounts for 99.23 MWp/km2 (Liu et al. 
2017). The power density of the proposed FPV plants in 
the present study ranged from 111 to 116 MWp/km2, with 
an average value of 112.8 MWp/km2. This shows the 
advantage of implementing the FPV plants in Indian reser-
voirs. Further, the average power density of the land-based 
PV system is 70 MW/km2 (Cazzaniga et al. 2019). Thus, 
the proposed FPV plants in Indian reservoirs will result 

in a 38% gain in power generated per  km2. In addition, 
FPV plants with tracking systems will further increase 
the annual energy density compared to that of fixed mount 
FPV plants.

Land‑ and water‑saving effect

The average area required for a 5-MW FPV plant was 
identified as 44,330  m2 based on the preliminary design 
of FPV systems in the selected reservoirs. The total area 

Fig. 5  Linear increase in annual 
evaporation rate in Indian reser-
voirs from 2000 to 2019
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Table 5  Water-saving effect of FPCS on reservoirs with HEPP

Sl. no. Reservoir Average yearly 
evaporation rate 
(mm/year)

Direct water 
saving (×  106  m3/
year)

Increase in 
hydro power
(MWh)

Percentage 
increase in hydro 
power

Indirect 
water sav-
ing
(×  106  m3/
year)

Area ratio
SH/  SF

Energy 
ratio  EFPV/ 
 EH

1 Rajghat 1488.70 0.059 10.91 5.82 43.06 0.002 11.51
2 Indira Sagar 1943.70 0.077 29.37 0.42 21.47 0.005 0.33
3 Hirakud 1633.91 0.066 16.75 0.73 30.48 0.006 0.93
4 Srisailam 1919.43 0.077 46.74 2.00 13.17 0.007 0.93
5 Ukai 1886.65 0.076 21.71 1.60 29.18 0.007 1.68
6 Almatti 1990.66 0.079 17.19 1.51 38.34 0.009 2.02
7 Rihand 1737.76 0.070 26.55 1.40 20.99 0.010 1.16
8 Sriram Sagar 1914.64 0.076 13.59 10.06 42.61 0.010 15.51
9 Jayakwadi 1920.38 0.075 12.89 20.56 45.39 0.011 34.19
10 Rengali 1527.98 0.061 17.88 0.87 25.79 0.012 1.02
11 Tungabhadra 1946.15 0.077 15.86 4.82 40.89 0.013 7.01
12 Sardar Sarovar 1917.63 0.076 51.76 1.16 12.71 0.013 0.53
13 Linganamakki 1477.66 0.059 15.12 2.65 32.58 0.014 4.00
14 Nagarjuna Sagar 1936.48 0.078 40.41 2.62 14.96 0.016 1.38
15 Maharana Pratap 

Sagar
1704.62 0.069 38.06 0.86 13.00 0.017 0.44

16 Rana Pratap Sagar 1937.79 0.077 17.40 1.55 36.60 0.022 2.01
17 Hasdeo Bango 1647.35 0.066 23.85 3.46 22.13 0.024 3.19
18 Chandil 1531.27 0.061 14.56 4.60 32.37 0.026 6.64
19 Gobind Sagar 1756.73 0.070 65.62 0.45 07.82 0.026 0.14
20 Mettur 1683.80 0.068 18.55 1.81 30.65 0.029 2.23
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covered by the FPV plants in the 20 selected reservoirs is 
around 886,591.22  m2, which corresponds to the saving of 
0.9  km2 of land. The actual average evaporation rate in the 
selected reservoirs was calculated by the Penman–Mon-
teith method using the NASA meteorological data col-
lected from 2000 to 2019 (NASA(POWER) 2020). Despite 
the requirement of a large dataset, the Penman–Monteith 
method tends to provide accurate evaporation values com-
pared to other methods reported in the literature (Allen 
et al. 1998; Zarei et al. 2015). The maximum evapora-
tion rate was observed in the reservoirs during 2016 and 
2019. In particular, maximum evaporation rates of about 
1980.66, 1943.71, and 1931.15 mm/day are observed in 
Indira Sagar, Almatti, and Tungabhadra reservoirs. The 
evaporation in the reservoirs varies from 1472.66 to 
1980.66 mm/day. Further, a linear increase in the evapo-
ration rate was obtained from Hirakud, Srisailam, Sriram 
Sagar, Nagarjuna Sagar, and Mettur reservoir, as shown 
in Fig. 5. This shows the chances of a further increase in 
evaporation in the fore coming years. It also highlights 
the necessity to avoid evaporation loss and preserve water 
for domestic and irrigation purposes in major Indian 
reservoirs.

The PET per year was then averaged for the considered 
duration to estimate the volume of water saved through evap-
oration mitigation. An evaporation prevention ratio of 0.9 
was assumed for the HDPE pontoon considered in the model 
FPV plant. The evaporation rate at the selected locations 
and amount of water saved are listed in Table 5. The results 
indicate that the installation of 20 FPV plants in the Indian 
reservoirs will result in saving 1.40 million cubic meters of 
water per day. This corresponds to the direct water-saving 
effect of the FPV covering systems. If this saved water is 
used for hydropower generation, the HEPPs in the reser-
voirs will generate additional energy of 514.80 MWh/day in 
total. From the selected reservoirs, the maximum additional 
hydropower generation was obtained from the Bhakra dam 
(Gobind Sagar reservoir).

The term indirect water-saving refers to the amount of 
water consumed by the hydropower plant, which is obtained 
from converting the electricity generated from the FPV sys-
tem to the volume of water. It is calculated using the follow-
ing equation (Liu et al. 2017):

where EPV is the total amount of electricity generated by the 
FPV plant (Wh), � is the discarding rate of PV power, � is 
the density of the water (kg/m3), g is the acceleration due to 
gravity (m/s2), and ΔH is the water head (m). Based on this, 
FPV systems in 20 reservoirs will lead to indirect water sav-
ings of 554.2 million cubic meters every year. In addition to 

(3)Ve =
0.75 ∗ 3600 ∗ EPV ∗ [1 − �]

� ∗ g ∗ ΔH

the power generation and evaporation mitigation advantages 
of the FPV covering systems, the smaller area ratio (ratio of 
the area of FPV system  (SF) to the total water surface area 
of the reservoir  (SH) corresponding to each reservoir shows 
that this structural system on the water surface will not affect 
the ecosystem. Thus, the proposed system is highly efficient 
in producing environmentally sound renewable power. The 
energy ratio (ratio of FPV to HEPP—EFPV/  EH) results reveal 
that the FPV systems with smaller coverage areas can pro-
duce higher energy than HEPPs in 14 selected reservoirs.

The additional advantage of the FPV system is the cool-
ing effect provided by the water surface to the PV panels. 
In this context, the FPV systems indirectly save the water 
used for panel cooling and cleaning purposes for the ground-
mounted or roof-mounted PV systems (Gorjian et al. 2020; 
Zahedi et al. 2021). The evaporation rate mitigation in the 
water body is proportional to the area of the FPV system. 
Studies state that the pontoon-based floating covering sys-
tem on water bodies effectively reduces the evaporation rate 
by 90% (Ferror-Gisbert et al. 2013). However, the water loss 
through evaporation cannot be eliminated since complete 
covering of the reservoir may adversely affect the water 
ecosystem. The exact effects of the FPV system on water 
quality and biodiversity are still under study. Hence, it is 
advisable to cover less than 30% of the reservoir to avoid its 
negative impacts on the water quality and ecosystem (Hass 
et al. 2020).

FPV model plants with a single‑axis tracking 
mechanism

FPV panels with single- or dual-axis tracking mechanisms 
will help in maximizing the solar output. Studies reveal 
that an FPV system with a tracking mechanism increases 
the electric energy harvest even up to 25% compared to a 
fixed mount system (Cazzaniga et al. 2019; Grubišić-Čabo 
et al. 2016; Nagananthini et al. 2019). Recent innovation 
and advancements in tracker technology aid in the instal-
lation and effective operation of tracking mechanisms even 
in uneven terrain and challenging weather conditions. 
With the continuous improvement in tracker technology, 
a 45% increase in implementation is expected in the global 
market from 2022 to 2025.

In the present study, the FPV plants on Indian reservoirs 
were also analyzed with a single-axis tracking system to 
compare the electrical performance of the systems with 
and without tracking. In single-axis tracking, the azimuth 
angle becomes the axis of rotation, and this results in the 
direction shift of the PV panel following the sun path. 
The inclusion of a tracking mechanism increases the POA 
irradiance of the FPV system up to 13%, which in turn 
increases the annual energy generated from the system 
up to 11%. Among the selected reservoirs, Sardar Sarovar 
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reservoir has the highest level of annual GHI (2.06 MWh/
m2), while Maharana Pratap Sagar reservoir is the lowest 
(1.72 MWh/m2). The comparison of POA irradiance lev-
els from 2000 to 2020 of these two reservoirs is shown in 
Fig. 6. A significant increase in the POA irradiance of the 
FPV system with single-axis tracking in both reservoirs 
can be seen in comparison with the fixed mount system.

Cost Analysis

Reduction in the per-unit cost of solar power is one of 
the major reasons for the growth in the installed capac-
ity of PV systems (Cazzaniga et al. 2018). The compari-
son of the installation cost of different renewable energy 
sources is provided in Fig. 7. In India, there is a continu-
ous reduction in solar power cost in the last four years, 
and it is expected to reduce up to ₹ 1.98/kWp in the next 
10 years as per the recent studies (TERI 2018). The cost 
analysis of the proposed 5-MW FPV plant was carried out 
to assess the economic feasibility of these covering sys-
tems. Approximately 7816 floating modules are required 
to accommodate 15,625 PV panels. The total cost of the 
floating modules was found out to be 2295.46 USD, which 

shares the largest portion of the FPV system cost. The 
complete setup including transport and assembly of the 
floating platform is 0.08 USD/m2, and the total cost of 
the floating system, including mooring and anchoring 
mechanism, is 0.76 USD/Wp. By adding the cost of PV 
panels and other electrical components, which is about 
0.618 USD/Wp, the total cost of the FPV system without 
tracking system in the Indian reservoirs of 5-MW capac-
ity is 1.378 USD/Wp. It is also found that the cost of the 
tracking mechanisms increases the total cost of the FPV 
plant by 11.30%.

Carbon footprint analysis

The per capita  CO2 emission in India is equal to 1.60 tons, 
which is the third-largest carbonaceous emission from fos-
sil fuels globally. According to the United Nations report 
(2016), about half of the nation’s toxic carbon emission is 
from the power generation, transmission, and distribution 
sector (IEA/IRENA 2018). In this context, the power gen-
eration through solar PV systems would increase to 162 
GW by the year 2021 and the average  CO2 emission factor 
is expected to reduce from 0.721 kg  CO2/kWh (reported 

Fig. 6  Comparison of POA 
irradiance levels in fixed and 
single-axis tracking mecha-
nisms: a Sardar Sarovar res-
ervoir and b Maharana Pratap 
Sagar reservoir
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in 2016) to 0.604 kg  CO2/kWh in 2022 through renew-
able power generation (CEA 2019). The country needs 
more attention in expanding renewable power generation 
to minimize the use of existing coal power plants. The  CO2 
savings for the FPV systems in the selected reservoirs are 
listed in Table 6. Specific electricity consumption is used 
to estimate the  CO2 saving from evaporation mitigation. 
The average amount of water saved through evaporation 
mitigation by the FPV systems is 70795.11  m3/year, which 
saves 29,791.72 tons of  CO2. The total  CO2 saving by the 
FPV systems with fixed tracking is 3.3 Mt  CO2, and it is 
4.78% lesser than the single-axis tracking FPV system.

In the case of total carbon emission from the FPV sys-
tem, the significant contribution can be attributed to the 
manufacturing process of PV panels and floating pontoon 
systems. However, it is 20% less than that coal-powered 
electricity sources (IEA 2021). Recent innovations and 
research are aimed at further reducing the carbon emis-
sion from solar panels. One such novel technology is the 
solar panel made from two mineral layers called perovskite 
(Wagner et al. 2020). Sustainable floating PV structures 
that can be recycled or developed from the recycled prod-
ucts include the future scope of the study to reduce carbon 
emission.

Conclusion

The present study investigates the performance of FPV 
technology in Indian reservoirs with HEPP. Implement-
ing these innovative FPV systems on reservoirs not only 
generates solar power but also helps in reducing water loss 
due to evaporation and carbon emission. The saved water 
can also be conveniently used to increase hydropower gen-
eration. Numerical analyses of a preliminarily designed 
5-MW FPV plant in the 20 largest reservoirs in India were 
carried out. The electrical performance of the model plant, 
along with its environmental and economic benefits, was 
studied. The results show that the implementation of these 
20 model FPV plants in Indian reservoirs will generate 
159.64 GWh of power annually. The power produced per 
 km2 from these fixed tracking PV systems was 38% more 
efficient than the land-based PV system. Further, the FPV 
system with a single-axis tracking mechanism results in 
a 3.65% gain in energy density than the fixed mount FPV 
system.

Eventually, the FPV plants acting as a covering system 
for reservoirs help save 1.40 million cubic meters of water 
every year. The saved water can be effectively used to pro-
duce additional hydropower. The implementation of this 
renewable technology will also avoid 3.30 million tons 

Table 6  Carbon footprint analysis of FPV systems with and without tracking

Sl. no. Reservoir Specific emission 
 (CO2/MWh)

CO2 saving from FPV power 
generation (tons  CO2/year)

CO2 saving from evapo-
ration (tons  CO2/year)

Total  CO2 saving (tons 
 CO2/year)

Fixed mount Single-axis 
tracking

Fixed mount Single-axis 
tracking

1 Rajghat 1.46 229.75 247.59 1.25 230.99 248.83
2 Indira Sagar 0.89 146.71 149.61 1.60 148.31 151.21
3 Hirakud 0.97 150.37 157.22 1.38 151.75 158.59
4 Srisailam 1.00 159.38 166.90 1.61 160.99 168.51
5 Ukai 1.10 183.66 190.26 1.59 185.24 191.84
6 Almatti 1.07 178.80 184.60 1.65 180.45 186.25
7 Rihand 0.96 153.77 158.88 1.45 155.23 160.33
8 Sriram Sagar 0.95 145.26 153.52 1.58 146.84 155.10
9 Jayakwadi 0.93 145.47 150.29 1.56 147.03 151.85
10 Rengali 0.97 147.13 153.01 1.27 148.40 154.28
11 Tungabhadra 1.07 180.32 187.04 1.61 181.92 188.64
12 Sardar Sarovar 0.93 160.80 166.71 1.59 162.39 168.30
13 Linganamakki 1.07 178.18 184.87 1.24 179.41 186.11
14 Nagarjuna Sagar 0.95 147.84 153.90 1.62 149.46 155.52
15 Maharana Pratap Sagar 1.10 158.66 165.13 1.43 160.10 166.57
16 Rana Pratap Sagar 1.05 173.02 176.34 1.62 174.63 177.95
17 Hasdeo Bango 0.96 154.20 158.71 1.37 155.57 160.08
18 Chandil 1.07 164.16 168.78 1.28 165.44 170.07
19 Gobind Sagar 1.10 162.29 166.54 1.45 163.75 167.99
20 Mettur 1.07 178.52 186.76 1.42 179.94 188.18
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of  CO2 emissions annually. Altogether, this hybrid FPV-
HEPP technology helps increase the renewable power pro-
duction in the nation without affecting the environment. 
The results of this detailed investigation highlight the suit-
ability of Indian reservoirs for FPV implementation. With 
a large number of reservoirs and open water bodies all 
over the country, this sustainable technology is the most 
suitable solution to meet the energy requirement and water 
crisis in India. With the identified advantages of innova-
tive hybrid technology, the future research by the research 
group is focused on detailed operation simulation of the 
hybrid FPV-HEPP systems, static and dynamic intercon-
nection topologies, and DC–DC converter configurations.
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