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A B S T R A C T

This article presents the experimental results of the underwater performance of amorphous silicon (a-Si) thin-
film photovoltaic (TFPV) module. Electrical performance characteristics (current, voltage, power input, power
output, and power conversion efficiency) of a-Si TFPV are evaluated considering the two installation conditions
of Submerged Photovoltaics (SPV): shallow and deep waters. Experimental results showed that the a-Si TFPV
could convert sun energy into electricity even in underwater environments. It is observed that there is a little
drop in power outputs in deep waters than to shallow waters due to the variation in incident sunlight on to the
photovoltaic (PV) module. Based on the observations, few possible applications for underwater PV system are
explored. The article is concluded by highlighting few critical points for future research.

Introduction

Water based photovoltaic systems (WPVS) are becoming popular in
recent years due to land use conflicts between photovoltaic installations
and the development seen in other sectors especially in agricultural
sector [1]. In WPVS, the PV modules act as water cover that help in
reducing the water evaporation [1,2]. In addition to it, water also fa-
vors PV module performance in terms of temperature effect (which is a
major influential parameter in terrestrial PV applications) [1,3]. Apart
from the above mentioned two benefits, WPVS offers many other
benefits as shown in refs. [4,5]. For maximizing these benefits, the
WPVS are installed in various fixed mode and sun tracking configura-
tions [6]. Irrespective of the configuration, the floating PV structures
are made to float on a water (e.g. lake, river, ocean, and in a hydro-
power reservoir) [1,7]. The WPVS systems typically called as Floating
Photovoltaics (FPV) or Floating Solar or Floatovoltaics [1]. The re-
search information related to FPV performance, its novel designs, and
applications is adequate in literature [2,3,6,8–15]. In recent years, a
new means of harnessing solar energy using WPVS has been emerged

and it called Submerged Photovoltaics (SPV) [16]. In SPV, the PV
modules are immersed at different depths in underwater environments.
The principle behind electric power generation is same as the conven-
tional PV systems. Here, the solar irradiance hits the surface of the PV
module by passing through the water layer, and finally helps in gen-
erating a direct current electrical energy. As of now, very few studies
have been conducted on SPV and they mainly focused on the SPV de-
sign approaches, conceptual background, and experimental feasibility
studies [16,17,18]. One such study on SPV reveals that, there are two
core negative effects associated with SPV operation which are re-
sponsible for the reduction in PV efficiency: “the water absorption of
solar radiation” and “the absence of a positive thermal balance” [17].
Based on the experimental study in ref. [17], the recorded efficiency
reduction is 10% for the SPV positioned at a depth of 4 cm in water. In
another study, few different phenomena (spectral response, and varia-
tion in the solar radiation due to reflection and refraction in the air–-
water interface) upon which the SPV performance depends are high-
lighted [18]. So, it is understood that, the behavior of SPV is depends on
various factors and there is a need for evaluating SPV performance.
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The main objective here is to conduct an experimental study for
investigating the underwater performance of a-Si based thin-film PV
module. Electrical characteristics and their variation with respect to PV
module immersion depths (shallow waters and deep waters) are eval-
uated.

Experimental

A standard testing procedure is followed here for testing the per-
formance of a-Si based TFPV modules in an underwater environment.
The testing procedure follows an electrical circuit diagram shown in
Fig. 1(a). As a part of this outdoor experiment, we have used various
electrical and electronic instruments. The list of instruments, along with
their specifications, are given in Table 1.

Using the instruments and by following the electrical circuit, two
different prototypes of an underwater PV system are designed and is
shown in Fig. 1(b). In one prototype, the PV module is positioned at
shallow depth (i.e., 2 cm), and in another prototype, the PV module is

positioned at deep waters (i.e., 12 cm). The experiment in two different
depth condition is carried out simultaneously at the Centre for Re-
newable Energy and Power System Research Laboratory located at a
latitude and longitude of 17.4201° N, 78.6562° E respectively. The
experiment is conducted from morning to evening, and the data related
to solar radiation, wind speed, temperature, voltage, current are mon-
itored. The obtained data is analyzed, and the performance of a-Si
based TFPV is evaluated using the methodology given below.

Power conversion efficiency (PEC) of the a-Si based TFPV module is
given by the relation shown in Eq. (1) [19,20].

=PEC P
P
Out

In (1)

where, PIn is the power input and it is product of solar irradiance (w/
m2) incident on the PV module and its area (m2); POut is the power
output of the PV module, which is the product of voltage (V) and
current (A) generated at the output terminal.

Results and discussion

Experimental results include the monitored weather data, voltage
and current of a-Si based TFPV, and the analyzed data includes the
power input, power output and the power conversion efficiency.
Weather data include solar irradiance, wind speed, air temperature, and
water temperature. In Fig. 2(a) the monitored solar irradiance and wind
speed with respect to the local time are shown. The variation in solar
irradiance is observed and its range is in between 650 w/m2 to 982 w/
m2. Wind speed is another important parameter which generally in-
fluence the efficiency of PV modules in terrestrial applications. The
variation in wind speed is observed to be in between 1.6 m/sec to 4 m/
sec. Temperature is another important parameter to be considered
while analyzing the SPV performance. In SPV, water is the medium
where the PV modules are immersed hence the water temperature is
considered while analyzing the performance. The recorded air and
water temperatures are shown in Fig. 2(b). Here, the experiment is

Fig. 1. (a). Electrical circuit for testing of solar cells or modules; (b). Experimental setup of submerged photovoltaic module. [Note: 1. a-Si thin-film PV module in
2 cm depth; 2. a-Si thin-film PV module in 12 cm depth; 3. Variable rheostat for SPV in 2 cm depth; 4. DC voltmeter for measuring voltage at SPV in 2 cm depth; 5. DC
ammeter for measuring current at SPV in 2 cm depth; 6. DC ammeter for measuring current at SPV in 12 cm depth; 7. DC voltmeter for measuring voltage at SPV in
12 cm depth; 3. Variable rheostat for SPV in 12 cm depth].

Table 1
Specifications of the instruments used for experimentation.

Component/Parameter Specification

Type of installation Submerged photovoltaic module
Test conditions as per the experiment Shallow waters (2 cm depth)

Deep waters (12 cm depth)
Type of PV technology Amorphous silicon (a-Si)
PV module electrical parameter Open circuit voltage: 21.9 V

Short circuit current: 0.32 A
Maximum power: 10 W
Maximum voltage: 12 V

Module dimension and area 21.5 cm * 19.1 cm and 0.024 Sq. m
Voltmeter Type: DC

Range: 0–30 V
Ammeter Type: DC

Range: 0–2 A
Rheostat 300 Ohms/2 A

Fig. 2. (a). Solar irradiance and wind speeds; (b). Air and water temperature; (c). Voltage and current profiles of PV module w.r.t water depth.
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repeated from 11:00 AM to 4:00 PM and for every 15 min the related
data is monitored. The electrical outputs such as voltage and current of
the SPV in shallow and deep waters are monitored for every 15 min and
shown in Fig. 2(c).

The power input at any given local time is estimated by multiplying
the incident solar irradiance to the area of the a-Si based TFPV module.

The power input potential at this condition is the same as the power input
that is available at the floating solar PV system. The power input potential
is continuously varied with the local time and is shown in Fig. 3(a). The
recorded values of the power input are lower in the morning hours (in the
range between 26.69 W and 32.03 W) and they tend to increase in the
peak sun hours (in the range between 33.91 W and 39.87 W). While in the

Fig. 3. (a). Power input; (b). Variation in PV module power outputs w.r.t water depth; (c). Variation in PV module power conversion efficiencies w.r.t water depth.

Table 2
Applications of underwater photovoltaics.

Application Description Reference Future research areas

Unmanned underwater
vehicles (UUVs)

In recent years, there is an increased interest in “climate
awareness and surveillance” especially the oceanic monitoring,
and other underwater environments. For such activity, the use of
UUVs has become popular but there exist few limitations (“size,
maneuverability, power consumption, and available on-site
maintenance”) and the major one is the power consumption. In
UUVs, the use of underwater solar photovoltaics would be one
suitable option for powering those vehicles.

[21–23] • Instrumentation that provide data from UUV’s on a continuous
basis

• High-bandgap solar cell materials

• Photovoltaics cells that can resist to the saline nature of the water.

• Research on size, maneuverability, maintenance availability at the
operating site itself.

Solar pool heater SPV can be used for heating water in the swimming pools and as
water stores the energy from the incoming solar radiation.

[24] • Structural design that satisfies the recreational or aesthetic looks
of the swimming pools

• Highly efficient thermo electric power conversion systems
Energy storage facility Energy storage option is possible with the floating or submerged

photovoltaic system. This is generally achieved with the
integration of isothermal compressed air energy storage system
with the SPV.

[25] • Compressor systems needs to be enhanced

• Problems that occur in pneumatic motors must be resolved.

Offshore wind turbines Offshore wind turbines are generally installed in faraway water
bodies where their foundations are laid in the underwater at
specific depths. For continuous health monitoring of such
foundation, there is requirement for UUVs. The use of solar
powered UUVs would be a better option as they could offer better
service in terms of continuous operation and transferring the
related information to the monitoring centers.

[26] • Instrumentation that provide data from UUV’s on a continuous
basis

• High-bandgap solar cell materials

• Photovoltaics cells that can resist to the saline nature of the water.

• Maintenance availability at the operating site itself.

Bridges and underwater
tunnels

Like the offshore wind turbine foundation monitoring, the UUVs
would help in health monitoring of bridges and underwater
tunnels

Algae farming In SPV’s, mooring systems are used. Apart from these, floating
strictures also exists. These can be used as provision for algal
growth. In this sought of application, the SPV’s can be used as
floating photobioreactors.

– • Research on the effect of hydrodynamic movement of water on
the algal growth must be investigated.

• Light penetration and provision for photobioreactor integration
with SPV structures must be investigated.

Desalination and salt
farming

The salt farming unit generally consists of two units; evaporation
pond and crystallization pond. The evaporation pond used for
increasing salinity, whereas the crystallization pond is used for
harvesting salt. In such farms to meet the energy requirements, as
well as to produce clean water, the use of SPV is highly
recommended.

[27] • Loss of power generation due to installation parameters such as
tilt angle, weather conditions are to be investigated.

• Effects of saline water on the SPV module degradation must be
investigated.

• Reduction in incident solar irradiance on SPV modules by sea
water reflection must be investigated.

• Use of bifacial based SPV modules should be used.
Marine life exploration Under the ocean bed there are many unexplored or unfamiliar

areas where the possibility for existence of marine life is very
high. For exploring such areas, we can use the UUV’s powered
with solar power. These UUV’s are equipped with onboard
gadgets like image capturing, sound recording, and
communicating systems. Here, the image capturing system would
capture the images of different marine species and send the
related information to the monitoring unit. Similarly, the sound
recording system records different sounds. The communication
system would help in maintaining the connection between
terrestrial monitoring unit to the UUV.

– • Instrumentation that provide data from UUV’s on a continuous
basis

• The onboard gadgets would require power supply where the need
for improved solar power conversion exist. The research on High-
bandgap solar cell materials is essential.

• Photovoltaics cells that can resist to the saline nature of the water.

• Research on size, maneuverability, maintenance availability at the
operating site itself.

• Research on “water absorption of solar radiations” at different
depths needs to be investigated. Also, the one has to record the
maximum depths at which the solar power conversion efficiency
would be minimum.
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evening hours the power input potential tends to decrease. In the present
experimental study, the power input is in the range of 26.69 W to 40.32 W.
In Fig. 3(b), the power outputs of the a-Si TFPV in shallow waters (SPV
depth 2 cm) and deep waters (SPV depth 12 cm) are shown. The output
power produced by an SPV in shallow waters is quite higher (the range is
in between 10% and 62.29%) when compared to the SPV at deep waters.
The SPV in shallow waters produced the output power which is in the
range of 0.76 W to 3.12 W. On the other side, the output power produced
by the SPV in deep waters is in the range of 0.43 W to 2.4 W. Power
conversion efficiency (PEC) is one of the important electrical character-
istics of the PV module that is estimated using the Eq. (1). In the present
experimental study, PEC is the ratio of power output produced by the SPV
in shallow or deep waters to the power input. The PEC of SPV in shallow
water is observed to be quite higher when compared to the PEC of deep
waters, see in Fig. 3(c). The SPV in shallow waters recorded the PEC which
is in the range of 2.2% to 7.78%. On the other side, the PEC of SPV in deep
waters is in the range of 1.51% to 6.28%. It is understood that, as the SPV
immersion depth increases the PEC reduces. In deep water, the incident
solar irradiance on the PV module is less when compared to the shallow
water. While the sunlight is passing through the water layers, “the water
absorption of solar radiation” [17] phenomenon occurs which is generally
considered as a negative effect on the SPV performance and due to which
the power conversion efficiency reduces.

From this experimental study it is understood that, there is possi-
bility for power generation using the PV modules in underwater en-
vironments. Based on this, few applications are explored and listed in
Table 2. These applications are as follows: solar powered unmanned
underwater vehicles (UUV’s); solar pool heater; energy storage facility;
offshore wind turbine foundation monitoring; bridges and underwater
tunnel monitoring; algae farming; desalination and salt farming; and
marine life exploration.

Conclusions

The experimental study of a photovoltaic module in shallow and
deep waters is investigated. This study has provided a preliminary
understanding on the performance behavior of underwater photo-
voltaics and based on the obtained results; the following conclusions
are made:

• The performance of PV module is varied with respect to the im-
mersion depths. The varied parameters include the voltage, current,
and power output.

• As the PV module immersion depth increases the output power is
reduced. As a result, the power conversion efficiency is reduced.

• Based on the performance results, it is understood that the output
power is less in deep waters, hence the use of underwater photo-
voltaic systems can be encouraged for low power applications.

At present, the research on underwater photovoltaics is very much
limited to performance studies itself. Future works might include on the
efficiency improvement by having a detailed understanding over the
spectral response, and thermal behavior of photovoltaic cells.
Development of various on board solar powered portable devices for
underwater environments could be another research direction. In ad-
dition, one can concentrate on understanding the impacts of photo-
voltaic materials on the aquatic ecosystem.
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