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ABSTRACT

To meet global energy demand, photovoltaic (PV)
energy technologies should be rescaled and upgraded. A
facile way is to head towards underwater PVs to create
stable and reliable renewable energy sources in the
aquatic regime. Current work comprehends an
experimental study on the behavior of solar radiation
and the performance of amorphous silicon (a-Si) solar cell
in diverse underwater conditions. The main focus of the
study is to investigate the impact of water turbidity on
insolation power and device performance at various
depths. Both the irradiance power and the cell
performance showed an inverse correlation with the
water turbidity. The turbidity values for the lowest turbid
double distilled water (DDW), low turbid lake water
(LTLW), and high turbid lake water (HTLW) were
measured to be 0.1 NTU, 2.5 NTU, and 6.6 NTU
respectively. Also, a percentage drop in solar irradiance
at a depth of 20 cm for different water types was
captured.
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1. INTRODUCTION

The energy crisis has always been a major concern
worldwide. To solve this, people have come up with many
ideas like leveraging renewable energy sources such as
solar energy [1]. Still, energy crisis persists due to
insufficient harvesting of solar energy in different ways
like solar water heaters, photovoltaic (PV) solar panels,
thermal energy harvesting, concentrating solar power,

and many more. However, these PV cells only harvest the
solar energy that falls on land, and unfortunately, all the
solar radiation that falls on the water surface (nearly 70%
coverage of the earth’s surface) gets wasted. These facts
push to approach towards using underwater PVs also for
harvesting solar energy. Also, in terrestrial conditions,
solar panels get heated up fast which causes the panel to
be less efficient, and its surface often gets covered with
dust, leaves, birds, etc., which causes shading loss which
contributes to nearly 60% of the losses [2]. Placing solar
panels underwater can help inimproving the efficiency as
it will reduce the thermal drift [3]. Clearly, placing solar
cells underwater will provide self-cooling and self-
cleansing of the surface. Apart from this, marine systems
like underwater vehicles, autonomous systems, and
sensors are limited by the lack of power sources for long-
term operation and typically rely on on-shore power or
power from solar cells situated on land or above the
water surface [4,5].

Shockley and Queisser estimated that the maximum
efficiency that can be obtained from a land-based single
junction solar cell is 34% [6]; however, when the solar
spectrum gets narrow, the maximum efficiency limit
increases [7]. Studies have been carried out on
theoretical calculation of efficiency which yields that
when indoor solar cells are illuminated with light sources
with narrow emission spectra like LEDs and sodium
discharge lamps the cell can operate at efficiencies nearly
60% and 67% respectively [8]. When light is transmitted
through the water, a similar narrowing of the irradiance
spectrum is observed which gives a thoughtful idea
about an increase in the efficiency limits of underwater
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solar cells [5]. While there are many benefits of placing
solar cell underwater but it comes with many challenges.
The main challenge comes in the form of insolation. Not
all the wavelengths have the ability to penetrate deep
inside water. When solar radiation falls on water, nearly
2% of it get reflected back at the surface, and the rest
gets transmitted. Out of this transmitted radiation, 27%
gets absorbed up to 1 cm and 70% is absorbed up to 3 m
depth [9]. It was found that single-crystalline solar cells
show higher efficiency at shallow depths [10]. On testing
amorphous silicon (a-Si) solar cell in variable water
environment, it was observed that artificial sea water
(3.5% salinity) does not show significant changes on the
output power up to the depth of 20 cm [11].

Fig. 1. Experimental setup (a)Solar simulator and
submerged pyranometer; submerged pyranometer in
(b)DDW, (c) LTLW and (d) HTLW

Other challenges include temperature gradient, wave,
salinity gradient, turbidity, algae formation, durability of
cell, encapsulation of cell etc. Many works have been
done in order to understand the performance of cell in
underwater environment. Wang et al. reported that the
turbidity of water affects the solar irradiation more than
salinity of the water [12]. In this work various water
characterizations are done on turbid water. a-Si solar cell
is used for this study as it performs better than
monocrystalline and polycrystalline solar cells in
underwater conditions [13]. For all the underwater
applications of solar cell, water turbidity plays an
important role as it will affect the insolation and the cell
performance. However, no work has so far been
reported to investigate the impact of water turbidity on
the actual device performance of the a-Si solar cells.
Therefore, herein, the role of water turbidity on the cell
performance at varying depths is investigated.

2. EXPERIMENTAL PROCEDURE
The experimental work was carried out in the
laboratory by designing and executing an underwater
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setup for solar PV. An acrylic tank of dimension 10x10x30
cm? was used to study solar cell behavior in underwater
conditions. The a-Si solar cell (5 V, 9.9 mA) was
purchased from Panasonic-BSG, Japan (Sanyo
Semiconductor co0.,2007). Solar Simulator SS50AAA
(Class AAA) with Air mass (AM 1.5 G) and Xenon short-
arc lamp of 150 W was used for providing solar
insolation. The solar simulator was calibrated at 100
mW/cm? (equivalent to 1 Sun) using a submersible
pyranometer (PYR) sensor from Apogee Instruments Inc.,
USA. The a-Si solar cell was encapsulated using
polydimethylsiloxane (PDMS) with a 3D printed
enclosure as per our earlier reported work [14].

The behavior of solar radiation in underwater
conditions was studied for double distilled water (DDW)
and lake water environment with two different
turbidities i.e., High turbidity lake water (HTLW) and Low
turbidity lake water (LTLW). The J-V and P-V
characteristics of the a-Si cell were obtained using
B2912A precision source/measure unit (Keysight
Technologies). The whole experimental setup including
the pyranometer in different water conditions is shown
in Figure 1. Throughout the experiments, the water bath
was kept turbulence free while measuring the irradiance
and cell parameters.

3. WATER CHARACTERIZATION

Three different types of water were taken which
were DDW (obtained from MEMS Lab, BITS Pilani,
Hyderabad Campus), HTLW (Shamirpet lake,
Hyderabad, India), and LTLW (Prepared by adding
DDW in HTLW) characterized based on their turbidity,
total dissolved solids (TDS) and electrical conductivity,
whose values are provided in Table 1. Turbidity
measurement was done using turbidity meter (Eutech
Instruments, Singapore) and the TDS value and
electrical conductivity were measured using
Conductivity/TDS/OC/OF meter (Eutech Instruments,
Singapore).

Table 1 shows the turbidity values, electrical
conductivity, and TDS of DDW, LTLW and HTLW

Water  Turbidity  Conductivity  TDS (ppm)
type (NTU) (nS/cm)

DDW 0.1 4.7 2.40
LTLW 2.5 478 238
HTLW 6.6 513 257
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4. RESULTS AND DISCUSSIONS
4.1 Solar irradiance and water studies

In order to understand the behavior of the a-Si solar
cells (in underwater environment) with the water
turbidity, three different water-types with different
turbidity values were taken into consideration. DDW was
taken as the standard water-type with the lowest
turbidity value of 0.1 NTU. Water from a nearby lake
(Shamirpet lake, Hyderabad, India), with the turbidity
value of 6.6 NTU, in natural conditions was taken as the
highest turbid water source. Instead of taking
intermediate turbid water from some other source, it was
prepared by diluting the HTLW with the DDW, to make
sure that the constituents are similar in shape and size,
which play a decisive role in determining the optical
characteristics of the water. The turbidity value for this
water was measured to be 2.5 NTU. In addition to this,
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Fig. 2. Variation of irradiance power with the

increasing depth in DDW, LTLW and HTLW

the other water parameters such as, TDS values, and
electrical conductivity were also measured.

These valuesare tabulated in Table 1. Figure 2
shows the variation of solar radiation with the increasing
depth in these three different water environments. The
figure clearly indicates that the irradiance power
decreases with increasing depth for all the waters. More
interestingly, it also revealsthat the irradiance power
reduces significantly with increasing turbidity and hence
shows an inverse correlation. The percentage drop in
irradiation power at 20 cm in DDW, LTLW and HTLW
were measured to be 72%, 77% and 80% respectively.
These studies are in linewith the reported literature [15].

4.2 J-V response with varied water turbidity

The J-V curves of the a-Si solar cell with varying depth
(0=20 cm) in all three water environments were
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measured at room temperature conditions. The
irradiance power at the surface was set for 1 sun
condition (100 mW/cm?) and the J-V response with the
depth was measured accordingly for all the conditions.
Figure 3 shows the J-V curves for a-Si solar cell with

8.0x10™
(a) 2
4

—6
8

4 —10
. 5.0x10 12

4 —14
4.0x10 16
—18
—20

7.0x10™ 4

6.0x10™ <

b

Current density (A/lcm?)

(] w
o o
= ®
'y =
o o
b

1.0x10™ 4

0.0

4 5 6 T 8 9 10
Voltage (V)

(b) ——0 cm|

(=]
-
(]
(&)

8.0x10™

7.0x10™ 4

)

“ 6.0x10™ o
5.0x10™
B 4.0x10" -
3.0x10“-

2.0x10™ 4

Current density (A/cm

1.0x10™ 4

0.0

6
Voltage (V)

(X

0

8.0x10™*

7.0x10™ 4
6.0x107 <

5.0x10* 4

ES

IS
I

Current density (A/lcm?)
w »
o o
x x
- -
o o
L

2.0x10™ 4

1.0x10* 4

o.o',,,,,,,,,
0o 1 2 3 4 5 6 7 8 9 10
Voltage (V)

Fig. 3. J-V characteristics for a-Si solar cell with respectto
depth for (a) DDW, (b) LTLW and (c) HTLW

respect to depth in all the three environments. The open
circuit voltage (Voc) value of the device under
investigation was found to be almost constant (nearly
7.7) for all the depths. However, comparatively a
remarkable reduction in Jsc values with depth was
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noticed for all the waters as clearly depicted in Figures
3(a-c). The inverse variation of Jsc values with depth can
be attributed to the variation of insolation with depth as
discussed in Section 4.1. Interestingly, the Jsc values
showed a significant variation with the turbidity values.
The variation of P with V, in different water
environments, measured at a depth of 20 cm is plotted in
Figure 4 (a). This figure clearly indicates that the output
power of a-Si solar cell has the maximum values in the
lowest turbidity water (DDW) at all the depths and vice
versa. Despite the huge reduction in PV power with the
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Fig. 4. (a) Variation of power with voltage in different
water environments at 20 cm and (b) Variation of
Pmax values at different depths for all the water
environments
increasing turbidity, the a-Si cell, still shows a significant
PV response deep inside (20 cm) the highly turbid water.
Furthermore, for quantitative comparison of the
photovoltaic response with the water turbidity, we have
also evaluated the variation Pmax values at different
depths for all the water environments. The variation
given in Figure 4 (b). Interestingly, this plot lends support
to above analysis. However, another fascinating
observation is noticed in this graph. At the lower depths,
the variation of the Pma values for the different water
environments is very low. However, as the depth
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increases, the variation in P values is found to be
significantly higher. The prime reason for this might be
the concentration of the particulate matter in the HTLW
with depth owing to the gravitational potential.
Therefore, the comparative reduction rate will be higher
at the deep depths than at the shallow depths. The
percentage drop in the Pmax values in comparison to the
surface Pmax values, evaluated at 10 cm depth and 20 cm
depth are given in Table 2.

Table 2 shows the percentage drop in Pmax values of a-
Si solar cell at depth of 10 cm and 20 cm and Pmax value
at 20 cm
Parameters DD HTLW LTLW
Water
Drop in Pmax up to 20 cm 45% 66% 54%

Drop in Pmaxupto10cm  31.8% 44% 36

Pmax at 20 cm (mW) 24.5 163  21.9

Conclusion

In this work, the behavior of solar radiation
underwater with varying turbidity and depth have been
examined. Three water environments with turbidity 0.1
NTU (double distilled water), 2.5 NTU (low turbid lake
water) and 6.6 NTU (high turbid lake water) were used for
this study. The irradiance power shows an inverse
association with increasing depth and increasing
turbidity. To understand the correlation between
insolation and cell performance in underwater
conditions, amorphous silicon (a-Si) solar cell was tested
in all the three water environments. In all the cases, drop
in Jsc and Pmax was observed with varying depth.
Moreover, Pmax value reduced with increasing turbidity
from 24.5 mW (0.1 NTU) followed by 21.9 mW (2.5 NTU)
to 16.3 mW (6.6 NTU) which shows an in-line variation as
according to irradiation power drop. Here, a-Si solar cell
showed a good performance despite having many
challenges in underwater conditions, which suggests that
there is a huge potential for underwater photovoltaics for
solar energy harvesting and defense applications.

ACKNOWLEDGEMENT

The authors would like to thank Mr. Hemanth Kumar,
senior technician, Department of Civil Engineering, for
his help in carrying out the water characterizations.

REFERENCES
[1] Kibria MT, Ahammed A, Saad M, Sony F, Hossain



ISSN 2004-2965

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

(10]

(11]

S-U-I. A Review: Comparative studies on different
generation solar cells technology. n.d.

Sheeba KN, Rao RM, Jaisankar S. A study on the
underwater performance of a solar photovoltaic
panel. Energy Sources, Part A: Recovery,
Utilization and Environmental Effects
2015;37:1505-12.
https://doi.org/10.1080/15567036.2011.619632.
Cazzaniga R, Cicu M, Rosa-Clot M, Rosa-Clot P,
Tina GM, Ventura C. Floating photovoltaic plants:
Performance analysis and design solutions.
Renewable and Sustainable Energy Reviews
2018;81:1730-41.
https://doi.org/10.1016/j.rser.2017.05.269.
Wang X, Shang J, Luo Z, Tang L, Zhang X, Li J.
Reviews of power systems and environmental
energy conversion for unmanned underwater
vehicles. Renewable and Sustainable Energy
Reviews 2012;16:1958-70.
https://doi.org/10.1016/j.rser.2011.12.016.

Jenkins PP, Messenger S, Trautz KM, Maximenko
Sl, Goldstein D, Scheiman D, et al. High-bandgap
solar cells for underwater photovoltaic
applications. |EEE Journal of Photovoltaics
2014;4:202-6.
https://doi.org/10.1109/JPHOTOV.2013.228357
8.

Shockley W, Queisser HJ. Detailed balance limit of
efficiency of p-n junction solar cells. Journal of
Applied Physics 1961;32:510-9.
https://doi.org/10.1063/1.1736034.
Bahrami-Yekta V, Tiedje T. Limiting efficiency of
indoor silicon photovoltaic devices. Optics
Express 2018;26:28238.
https://doi.org/10.1364/0e.26.028238.

Mdller MF, Freunek M, Reindl LM. Maximum
efficiencies of indoor photovoltaic devices. IEEE
Journal of Photovoltaics 2013;3:59-64.
https://doi.org/10.1109/JPHOTOV.2012.2225023

Jamal MA, Muaddi JA. SOLAR ENERGY AT
VARIOUS DEPTHS BELOW A WATER SURFACE.vol.
14.1990.

Rosa-Clot M, Rosa-Clot P, Tina GM, Scandura PF.
Submerged photovoltaic solar panel: SP2.
Renewable Energy 2010;35:1862-5.
https://doi.org/10.1016/j.renene.2009.10.023.
Enaganti PK, Dwivedi PK, Srivastava AK, Goel S.
Analysing consequence of solar irradiance on
amorphous silicon solar cell in variable

[12]

[13]

[14]

[15]

Energy Proceedings, Vol. 23, 2021

underwater environments. International Journal
of Energy Research  2020;44:4493-504.
https://doi.org/10.1002/er.5226.

Wang J, Seyed-Yagoobi J. EFFECT OF WATER
TURBIDITY ON THERMAL PERFORMANCE OF A
SALT-GRADIENT SOLAR POND. vol. 54. 1995.
Enaganti PK, Dwivedi PK, Sudha R, Srivastava AK,
Goel S. Underwater Characterization and
Monitoring of Amorphous and Monocrystalline
Solar Cells in Diverse Water Settings. IEEE Sensors
Journal 2020;20:2730-7.
https://doi.org/10.1109/JSEN.2019.2952428.
Enaganti PK, Nambi S, Behera HK, Dwivedi PK,
Kundu S, Imamuddin M, et al. Performance
Analysis of Submerged Polycrystalline
Photovoltaic Cell in Varying Water Conditions.
IEEE Journal of Photovoltaics 2020;10:531-8.
https://doi.org/10.1109/JPHOTOV.2019.2958519

Wang J, Seyed-Yagoobi J. Pe~amon 0038-
092X(94)E0012-N EFFECTS OF WATER TURBIDITY
AND SALT CONCENTRATION LEVELS ON
PENETRATION OF SOLAR RADIATION UNDER
WATER. vol. 52. 1994



ISSN 2004-2965 Energy Proceedings, Vol. 23, 2021



