L))

Gheck for
Updaies

REVIEW

Advancements and development pathway of a nascent domain:

Underwater solar energy utilization

Shen Liang,' Hongfei Zheng,' Yifan Wang,' Zhiwei Ouyang,’ and Xinglong Ma"*
*Correspondence: ma_xlong@bit.edu.cn

Received: January 22, 2024; Accepted: March 18, 2024; Published Online: May 7, 2024; https://doi.org/10.59717/j.xinn-energy.2024.100025
© 2024 The Author(s). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

GRAPHICAL ABSTRACT

c{) of Water i D, iffere
N,

N Locations on Ea &
< e th e f%/_)_
@ 20 Yo,
\3 5° r% G 7
\{3\\0 N @ Ware, S o, S
& &° ¢ Attenuaﬁo,, pe% %/ %, %
2NN Coe,?. & Yy @ S
¢ & s, 9
) : %
S v Analysis on Yoy 2
. 9, <
& o,
*0 - o
5 s i‘“\‘waterlnteract/bn o %
5 2R A 2 a9 3
S TR =
9 & N FE 39
g L a Qw2 o
T 29 = d o T S
2 s 3 z Underwater " » 9 2 %
s 8 é” ) = > @ w 5
2k s 3 Solar Energy 28 2 s 3
S 8 T = as a = . = 3
2 F % 2 Utilization & & 3
3 o 2 T S =
< G & & g £
N o<
5 Q% %, % ¥ 8 g
2 %% o & T §
% 8 % (g Sr NN & %§ &£
z S 2 5
[e) D e} S
% % % o S5
(SR (oS! & 9
2 Pl e &
2, S, \ax D
% S0y SO, a0
G N7
\ OQ/@ ES/gn oq (1 B g‘a‘\-\e .
S, afers-oar Dye- of < A
Ntraty, Sensitized 0
Solar Cel®

PUBLIC SUMMARY

= A comprehensive analysis of the theoretical framework for underwater solar energy utilization is provided.

A straightforward method to ascertain the solar spectrum in any water clarity conditions is proposed.
The research status of spectrum matched underwater solar cells with optimal energy gaps is reviewed.

New pathway of underwater solar concentration toward efficiency underwater solar energy utilization is proposed.
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Underwater solar energy is a compelling renewable resource, primarily due
to its notable abundance and sustainability. Currently, the attention paid to
capture underwater solar energy for underwater or near-water energy
requirement scenarios is insufficient. This review provides a comprehen-
sive analysis of the theoretical framework for underwater solar energy
utilization. It encompasses an examination of various aspects, including
light-water interaction, such as reflection at the air-water interface, and
water's attenuation due to absorption and scattering. Given the challenge in
accurately and conveniently evaluating underwater solar spectrum, this
work proposes a potential and straightforward methodology to ascertain
the solar spectrum in any water clarity conditions by examining the spec-
tral attenuation coefficients of Formazine standard turbidity solution
through spectrophotometry. After the comprehensive understanding of the
underwater solar spectrum, the spectrum matched underwater solar cells
with optimal energy gaps can be designed. The current research status of
wide bandgap solar cells (=1.8 eV), including perovskite solar cells, organic
solar cells, and dye-sensitized solar cells are reviewed. Furthermore, this
work highlights the potential of underwater solar concentration as a new
pathway toward efficiency underwater solar energy utilization. Due to the
distinct optical properties between water and air, the terrestrial-based solar
concentrator cannot be used underwater. Consequently, developing water-
based solar concentrators is recognized as a pivotal domain for future.
Naturally, the advancement of suitable underwater concentrating photo-
voltaic technology and the underwater concentrating photovoltaic-thermal
integrated systems are regarded as valuable avenues for research.

INTRODUCTION

Solar energy is considered an environmentally friendly, freely available, and
limitless energy resource and is an optimal candidate for replacing conven-
tional fossil fuels." Currently, solar energy has gained extensive application in
various domains such as solar photovoltaic,” solar heat collection,” solar
refrigeration,” hydrogen production,” seawater desalination,”” and other
sectors, exhibiting promising prospects for further advancement. However,
the aforementioned solar technologies are predicated upon the utilization
within terrestrial environments. Substantial land occupation for solar system
installation impedes the large-scale land-based solar application.” Especially,
in regions of islands and coastal cities that possess a lower land capacity.’

Water bodies encompass approximately 70% of the Earth surface and
possess a remarkable abundance of renewable energy and natural
resources.'” Underwater solar energy is a compelling renewable resource in
the marine environment due to its significant abundance and sustainability,'
as depicted in Figure 1A, which showcases the exploitation amount (GW) of
various marine energy resources in China. However, despite the considerable
presence of solar energy in the aquatic environment, its categorization within
ocean energy remains relatively unacknowledged. On the one hand, it is
worth noting that approximately 60% of the worldwide populace inhabits
regions within a 100 km proximity to coastlines, primarily due to the allure of
the ecological surroundings.'” Consequently, coastal urban centers necessi-
tate substantial electricity resources to cater to the demands of economic
progress and the livelihoods of inhabitants.”® Moreover, numerous islands
across the globe encounter the inconvenience of insufficient electricity
access owing to inadequate infrastructural provisions, thereby adversely
affecting the quality of life for the island dwellers."” In this regard, capturing
underwater solar radiation has the potential to supply environmentally

friendly electricity to coastal and island regions, thereby circumventing the
need to encroach upon their scarce and precious terrestrial land resources.
Remarkably, the presence of ample water bodies can effectively reduce the
high costs associated with land and operational expenses in the context of
solar power generation.'” The water-based solar photovoltaic can also effec-
tively mitigate shading concerns by minimizing obstructions, while simulta-
neously enhancing solar cell efficiency through the water natural cooling
effect.'® Another notable advantage of water-based solar photovoltaic is the
ability to mitigate the cleaning problem.'’

On the other hand, the exploration of space and extraction of resources
from water bodies have garnered escalating attention.'® Currently, the
sustained operation of underwater autonomous vehicles for marine explo-
ration, surveillance and reconnaissance missions,'” and sensors for monitor-
ing underwater conditions is significantly constrained by the absence of
durable power sources, necessitating reliance on on-shore power, on-board
batteries.”” Despite the considerable generation potentials exhibited by
marine power technologies, such as those harnessing waves, tides, ocean
currents, and osmotic forces, their viability is heavily contingent upon specific
geographical locations.”’ Consequently, their lack of portability renders them
unsuitable for providing power to underwater devices. In this context, utilizing
underwater-transmitted solar energy for on-site electricity generation holds
the potential to facilitate further advancements in ocean exploration.”” This is
because underwater solar energy offers a prospective solution to augment
the longevity and navigational capabilities of underwater monitors and
autonomous devices.”

Although water attenuates sunlight due to absorption and scattering,
particularly within the ultraviolet and infrared spectrums, the visible light
particularly in the blue wavelength is relatively capable of transmitting under-
water.”* According to Jamal's findings, the solar radiation transmitted at a
water depth of 1 m was measured to be 442 W/m?, while at a depth of 10 m,
approximately 258 W/m? was obtained.”® Figure 1A also illustrates the varia-
tion in solar energy density with depth of the world's clearest water. Further-
more, Mobley found that the water remains relatively motionless when the
depth surpasses one-twentieth of the water wavelength, suggesting a stable
underwater environment.”” The comprehensive evidences demonstrate the
complete viability and distinctive benefits of capturing underwater solar radi-
ation to fulfill the specific energy demand scenarios of submerged or adja-
cent regions.

However, a dearth of scholarly literature exists that comprehensively
reviews the application modes and methodologies pertaining to this nascent
domain of underwater solar energy. Consequently, this work delves into the
theoretical framework for developing optical underwater solar cells by means
of spectral matching. Subsequently, the potential and ongoing research
advancements of wide bandgap underwater solar cells, such as Perovskite
solar cells, Organic solar cells, and Dye-sensitized solar cells, for underwater
applications are discussed. Then, a new pathway toward efficient underwa-
ter solar energy utilization via novel underwater concentrating technology is
discussed.

LIGHT-WATER INTERACTION
Fresnel reflection at air-water interface

Natural water, including both seawater and freshwater, exhibit the
phenomena of reflection, absorption, and scattering of sunlight, as illustrated
in Figure 1B, thereby diminishing the magnitude of solar energy transmitted
underwater. Simultaneous reflection and refraction occur when sunlight
passes from the atmosphere to water.”” The reflected light, known as reflec-
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Figure 1. Underwater solar energy and the interaction between light and water (A) Technical exploitation amount of different ocean energy of China, and solar energy density
varying with water depth; (B) Reflection and refraction on light-water interface; (C) Reflection loss for distinct latitudes on the customary dates; (D) Spectral absorption and scat-
tering coefficients and underwater solar spectral at various depths; (E) Water attenuation profiles at different locations on Earth; (F) Schematic diagram illustrates the process of

determining the spectral attenuation coefficient of Formazine standard turbidity solution.

tion loss, is contingent upon the incident angle, denoted as 6, and the refrac-
tion angle, denoted as B. Sunlight is unpolarized light, the reflection loss R
can be considered as the mean value of the reflectance of s-polarized light R,
and p-polarized light R,. The Fresnel formulas can be used to evaluate R, and
RD.ZS

R _ n,cos(6) —n,cos(B) _ sin’(6—B)
* 7 n,cos(B)+n,cos(B)  sin’(B+pB) )

_ nycos(8) —n,cos(B)  tan’(6—f)

"7 nycos(8) +n,cos(B)  tan’*(8+P)

Where, n, is refractive index of air; n,, is the refractive index of water. The
reflection loss Ry is
1

Ro==(Rs+R,)

: )

Using the aforementioned formula, the reflectance variation at the air-
water interface is calculated for distinct latitudes on the customary dates of
the summer solstice and the winter solstice, as depicted in Figure 1C. It is
evident that, at a given instant, the reflectivity of the air-water interface dimin-
ishes as the latitude decreases. This phenomenon can be attributed to the
reduction in the sun's zenith angle, resulting in a smaller sunlight incident
angle as the latitude decreases. During the summer solstice, the reflection
loss is minimal, and the variation in reflectance among different latitudes is
also negligible. Specifically, measurements taken throughout the entire day
on the summer solstice indicate average reflectance values of 3.5%, 2.8%,
and 2.6% at latitudes of 5°, 20°, and 40°, respectively. In contrast, on the
winter solstice, there is a positive correlation between latitude and reflectivity,
as demonstrated by the obvious higher full-day reflectance of 12.3% at 40°
latitude compared to the 3.7% at 5° latitude.

Water absorption and scattering
In addition, water will modify the solar spectrum and reduce solar radiation

because of its absorption and scattering. The phenomenon of light attenua-
tion by water is supported by a range of empirical evidence, which suggests
that the extent of attenuation is dependent on the wavelength of light.** This
attenuation is primarily attributed to the processes of absorption and scatter-
ing, with the degree of absorption and scattering intricately connected to the
inherent properties of water. The spectral absorption coefficient a(\) and
spectral scattering coefficient b(A) of water pertain to the rate of spectral
absorption and scattering per unit thickness of water, typically measured in
m~' or cm™". The spectral attenuation coefficient ¢(\) of water can be concep-
tualized as the summation of a(\) and b(\).

c(A) =a(A) +b(A) ®)

The Lambert-beer law describes the attenuation of monochromatic light
when it passes through a solution. The solar spectral irradiance £(A,2) at a
water depth z can be calculated by.™

E(A, 2) = E(A, Q) - e 4
Where, £(A,0) is the solar spectral irradiance above the water surface.
The integral of the £(A,2) is the transmitted solar flux.
Ez) = j E(A, Z)dA (5)

Based on the aforementioned formula, it is evident that the spectral irradi-
ance and total solar energy transmitted to a particular water depth are
predominantly determined by the spectral attenuation coefficient c(\).
Figure 1D presents the spectral absorption and scattering coefficients of
cleanest water from Smith, R. and Baker. K.S.*' Accordingly, the underwater
solar spectral at various depths are also depicted in Figure 1D. Obviously,
water exhibits significant obstruction to the transmission of light in the
infrared and ultraviolet regions. Conversely, the spectral attenuation coeffi-
cient of water is relatively low in the visible region, particularly in the blue
wavelength range. It is widely accepted that water molecules possess robust
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resonances stimulated by electrons in the ultraviolet region and by molecules
in the infrared region. In contrast, the resonance of water molecules in the
visible spectrum is feeble, resulting in a significantly smaller absorption coef-
ficient compared to the ultraviolet and infrared bands.

Moreover, the light scattering coefficient of pure water is typically minimal
and diminishes progressively as the wavelength of light increases. Addition-
ally, employing the Lambert-beer law, the underwater spectral distribution at
various depths are computed, and also shown in Figure 1D. It is evident that
during the initial 10 cm of travel underwater, approximately 20% of the solar
energy is absorbed by the water, with nearly complete absorption of light with
a wavelength exceeding 1300 nm. Upon further travel of 1 m, water absorbs
55% of solar energy, with complete absorption of light exceeding 900 nm in
wavelength. Moreover, it has been observed that when light traverses 10 m
underwater, approximately 24% of the solar energy within the wavelength
range of 310-680 nm is capable of penetrating the water. Additionally,
approximately 4% of solar energy within the spectral band of 370-500 nm
can reach 100 m underwater.

Determine the spectrum of universal water

Natural water possesses organic and inorganic dissolved substances
alongside suspended particles, such as plankton and chlorophyll, thereby
causing it to manifest distinct light absorption and scattering properties in
comparison to pure water. The presence of suspended particles in seawater
leads to a greater attenuation of solar radiation compared to pure water.”
The peak wavelength of underwater spectra varies between yellow-green
light (deep coastal waters) and blue-purple light as the plankton content and
water depth changes. The plankton content absorbs blue and red light while
transmitting  yellow-green light.® According to S. Duntley's research
conducted in 1963, the "light transmission window" and spectral attenuation
coefficients in diverse seawater types is contingent upon the water turbidity
level.* Wang conducted an experimental study to examine the effects of
water turbidity and salt concentration levels on the transmission of solar
radiation.” The investigation involved analyzing the spectral transmittance
and attenuation coefficient of water under different turbidity levels and salt
concentrations. The results suggest that salt concentration levels do not
exert a substantial influence on the transmission of solar radiation. However,
water turbidity level, computed in one of popular units: Neophelo-metric
Turbidity Unit (NTU), does have a significant influence. In Wang's study, the
transmission function, denoted as the ratio of solar radiation penetration at a
specific water depth to the solar radiation in atmospheric environment, is
presented in equation (6), where x means water depth, with a range of 0.07<x=
1.4m.

H(x,0.3)

/- = 0.580 - 0.076In(100x) (6)

Additionally, Wang devised a best-fit model, equation (7), to establish the
correlation between transmitted solar radiation, turbidity level, and water
depth.

H(x, ) _ 2
H0x.0.3) =1-0.196x(¢—0.3)+0.014x(¢—0.3) (7)

Where s the turbidity of water, 0.07<x<1.4 m, 0.3=<4.5 NTU.

K.B Joshi further developed a mathematical model based on Wang's
experimental data, in which the transmission coefficient is given by,*

I
f :CO(X)*CW(X)Z+CZ(X)ZZ 8
0

Where |, is the transmitted solar energy density; /, is the incident solar
energy density; ¢, ¢ and ¢, are the coefficients which varied linearly with
seawater depth, and the formula to calculate the above coefficients are all
given by equations (9).

¢o(x) = 1.00041 +0.060862x
¢,(x) = 0.000159442 +0.202067x )
¢,(x) = 0.00025378 +0.013629x

The water turbidity, particularly in the ocean, is influenced by various atmo-

spheric factors, including precipitation, storms, ocean floor depth, proximity to
the shoreling, river mouths, and the presence of suspended organic materials.
This suggests that there are variations in turbidity levels among different
water bodies, including those occurring at different time periods, leading to
variability in the underwater spectrum.” Réhr summarized the attenuation
coefficient obtained from various water sources,” such as oceanic waters off
the coast of Key West (Jenkins et al),*® waters in the South Pacific (Morel et
al),”” waters near Roatan Island in Honduras (Mishra et al),” and waters from
the Sargasso Sea (Smith and Baker),”" as well as a spectrum from a lake in
Finland (Arst et al),”” shown in Figure 1E. In this regard, the accurate and
convenient evaluation of the underwater solar spectrum is a significant chal-
lenge due to the fluctuating water turbidity. The essence of water turbidity is
the obstruction of light transmission by solution, which can serve as a quan-
titative metric for characterizing the optical properties of water. Consequently,
the creation of a comprehensive theoretical framework that accurately fore-
casts the spectral distribution properties of water at varying depths, utilizing
turbidity as a quantitative measure, carries significant theoretical and practi-
cal significance due to its profound impact on the underwater solar energy
transmission. One possible and straightforward approach involves the exam-
ination of the spectral attenuation coefficients c(\) of Formazine standard
turbidity solution through the use of spectrophotometry, as depicted in
Figure TF. By establishing a quantitative correlation between water turbidity
and spectral attenuation coefficient c(\), it becomes feasible to determine the
solar spectral distribution and total solar energy at various water depths by
applying the Lambert-Beer law to the AM1.5 solar spectrum.

UNDERSTANDING UNDERWATER SOLAR CELLS
Performance of commercial solar cells

The performance of solar cells underwater has been tested and demon-
strated their potential as a dependable and sustainable source of electrical
power for marine electronic applications and instrumentation.*’ Lanzafame
conducted a study on the electrical and thermal characteristics of a single-
crystalline photovoltaic module submerged in water, as depicted in Figure
2A."* The findings demonstrate that the photovoltaic module, when immersed
at a depth of 4 cm, exhibits a superior conversion efficiency of 10 %
compared to its non-submerged counterpart. The enhancement can be
attributed to the stabilizing effect of water on temperature, which effectively
mitigates thermal drift and any associated detrimental consequences.
Furthermore, the limited absorption of solar radiation by the 4 cm water layer
does not significantly diminish the efficiency, as the solar visible spectrum
remains largely unaffected at the depth. However, it is evident that the photo-
voltaic module, immersed at a depth of 40 cm, experiences a noticeable
decrease of 16% in efficiency due to the considerable water attenuation of
solar radiation.

The electrical performance of a solar arrays consisted of 36 high perfor-
mance 5x5 cm silicon cells submerged in Crater Lake was experimental
investigated by J.D. Stachiw.” The study revealed a significant decline in
electrical performance of the solar array as it submerged beyond the initial
0.25 inch (6 mm) depth. In circumstances of optimal underwater visibility,
characterized by water with a visibility range of 95 feet (29 m), an estimated
40% of potential power output is lost within the initial foot (0.3 m) of submer-
gence, as illustrated in Figure 2B. As the level of submersion increases, the
rate of performance degradation diminishes. However, even in conditions of
optimal water clarity, the decline in potential power output reaches approxi-
mately 95% at a depth of 95 feet (29 m) and 98% at a depth of 200 feet
61 m).

P. K. Enaganti conducted a series of indoor experiments to assess the
electrical performance of underwater encapsulated monocrystalline and
amorphous solar cells. At an immersion of 20 cm in seawater, the electricity
generation of amorphous solar cell decreased by 45.52% and 66.76% for
monocrystalline solar cell.* Moreover, considering the varying spectral sensi-
tivities of different solar cells, P. K. Enaganti employed different light sources
to study the behavior of amorphous, mono-crystalline, and poly-crystalline
silicon solar cells. The results indicated that, at immersion depth of 20 cm,
the mono-crystalline solar cell exhibited a decrease in output power of
20.99%, whereas the poly-crystalline solar cells demonstrated a variation of
13.06% when changing the light source from xenon lamp to halogen lamp.*
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Figure 2. Performance of commercial solar cells and spectrum matched underwater solar cells (A) Testing of a single-crystalline photovoltaic module conducted by

Lanzafame; (B) Electrical performance of solar array under various water depths; (C) Plot
tion of water depth, compared with EQE curves for Si, CdTe and GalnP solar cells; (E) Rel
medium clarity water overlaid with normalized EQE of a single junction OPV solar cell.

According to Jenkins' research, the utilization of commercial photovoltaics
underwater has been met with limited success, mainly attributed to the insuf-
ficient penetration of sunlight and the utilization of cells optimized for the
terrestrial spectrum. Jenkins conducted experimental research, demonstrat-
ing that the implementation of high-bandgap InGaP solar cells, which align
more effectively with the underwater spectrum, can produce practical elec-
tricity at a depth of 9.1 m.*

Based on the analysis conducted by Marco Rosa-Clot, the photoelectric
efficiency of commercially available photovoltaic cells immersed at varying
depths was theoretically examined, taking into consideration the bandgap
energy E5(\) and cut-off wavelength Ag of the solar cell materials.”® Photons
with a wavelength exceeding Ag lack the necessary energy to generate hole-
electron pairs. Consequently, the photoelectric efficiency is defined as the
ratio of the solar energy utilized for the creation of hole-electron pairs £4(2)
and the incident solar energy £(2), as represented by equation (10). The
results of the calculation derived from equation (10) are depicted in Figure 2C.
Itis evident that, for the specified materials, there is a discernible enhance-
ment in relative efficiency as the immersion depth increases, particularly with
high E5(\). Solar cell materials with a low energy gap, such as Si and CIS,
exhibit an initial efficiency increase within the first 2 cm, followed by a slow
monotone decrease. However, the aforementioned commercial solar cells are
designed based on the terrestrial spectrum, which is not optimal for under-
water applications due to the narrowed solar spectrum. Consequently, devel-
oping underwater photovoltaic cells that matches underwater solar spec-
trum constitutes a significant area of research.

E(2)

RS T

(hTC I " E()\,z);\—cd)\) /{7 E0 A (10)

Toward spectrum matched underwater solar cells
Considering the difficulties associated with determining the optimal under-
water photovoltaic technologies, as it necessitates either field deployment or

of relative efficiency of different solar cells versus water depth; (D) Irradiance as a func-
ationship between band gap, water depth and efficiency; (F) Irradiance at 10 m depth in

access to bulky water tanks, the simulation of underwater solar spectra
becomes highly significant. However, simulating underwater solar spectra
without direct accessing to water is also challenging due to variations in solar
energy intensity and overall spectral distribution, which are associated with
water depths and geographical location.

In this regard, J.A. Rohr proposed a bench-top characterization technique
that uses light-emitting-diode (LEDs) to simulate underwater solar spectra.
The technique has high precision over the wavelength range relevant for
underwater applications by turning the LED emission intensities for testing
underwater solar cells.”” JA. Rohr also demonstrates that Si solar cells
exhibit superior performance compared to CdTe and GalnP solar cells when
subjected to terrestrial AM1.5G solar irradiance. Nevertheless, when their
immersion depth exceeds 2 m, GalnP solar cells outperform Si and CdTe
solar cells, as GalnP solar cells have larger bandgaps and excellent overlap
between the underwater solar irradiance spectra and the external quantum
efficiency (EQE), as seen in Figure 2D. Wide bandgap solar cells abandon the
conversion of photons with quantum energy lower than the bandgap.
Because the proportion of light with photon energy in this range is relatively
small in the underwater solar irradiance spectrum, wide bandgap solar cells
not only lead to a small loss of light energy but also yields significant gains.
This is because the wider bandgap is closer to the photon energy in the easily
propagating band underwater, thereby diminishing the heat loss during their
relaxation process toward the energy band edge.

In view that detailed-balance analysis has previously been employed to
ascertain the maximum efficiency limits of terrestrial- and extraterrestrial-
based solar cells. Naturally, this analytical approach can also be applied to
evaluate the theoretical efficiency of solar cells utilized under narrowed irradi-
ance spectrum occasions.”” On the basis of the attenuation coefficient
depicted in Figure TE, J.A. Rohr further used the idealized detailed-balance
model to ascertain the ultimate potential and optimum band gap of underwa-
ter solar cells.*” The calculation results demonstrate in the optimal band gap
of the solar cell material from approximately 1.8 eV at a depth of 2 m to

AB1auz uonpbrouu| ay |

[I J—

The Innovation Energy 1(2): 100025, May 27, 2024 5




www.the-innovation.org/energy

REVIEW

Table 1. Several wide bandgap perovskite solar cells (21.8 eV)

Type ABX3 Bandgap PCE (%)
2T MAPbBr; 2.25 10.4
2T Csg15FAq85Pb(lo.3Bro7)s 2 18.1
2T FA0.83CS017Pb(lp5Bro.s)s 1.8 17.0
2T MAgsCSo1Pb(lg 6Bro.0)s 18 185
2T FAO.6Cs0.4Pb(lo 65BF0 35)3 18 22.7
2T FAq535Csq.17Pb(Brg 7lg3)s 1.94 15.0

around 2.4 eV at a depth of 50 m, as depicted in Figure 2E. Besides, there
exists a band-gap plateau at approximately 2.1 eV between depths of 4 and
20 m. Additionally, underwater solar cells exhibit the ability to effectively
harvest transmitted solar irradiance at depths as deep as 50 m below the
Earth's clearest natural water, yielding efficiencies ranging from approxi-
mately 55% at 2 m to over 63% at 50 m. The aforementioned research offers
theoretical guidance for the development of underwater solar cells and their
materials identification.

Perovskite Solar Cells (PSCs) and Organic Solar Cells (OSCs) have the
potential to serve as viable options for underwater applications due to their
ability to be designed with wide bandgaps (= 1.8 eV) that align well with the
underwater solar spectrum. The bandgap of PSCs can be adjusted through
the manipulation of element composition and alterations in lattice structure in
the range of ~1.2 eV to ~2.4 eV. The chemical composition of three-dimen-
sional metal halide perovskites can be represented by the general formula
ABX;, wherein A denotes a monovalent cation such as Cs*, formamidine
(FA"), or methylammonium (MA"); B represents a divalent metal cation such
as Sn*, Pb*, Ge*, Sb* and Bi*; X signifies a monovalent halide anion such as
Br, I" and CI. The performances of some perovskite solar cells with
bandgaps exceeding 1.8 eV suitable for underwater application are listing in
Table 1. Liu performed a theoretical examination of the prospective utiliza-
tion of wide bandgap inorganic perovskites in the context of underwater
photovoltaic cells. The computational findings substantiated that wide
bandgap (1.8 eV-2.3 eV) inorganic perovskite solar cells possess notable
merits for underwater applications owing to their exceptional photoelectric
characteristics and appropriate bandgap range.” Li employed a simple
molecular self-assembly strategy to improve the surface quality of FAPbBr,
film (=2.3 eV) and effectively mitigate the interfacial defects in FAPbBr; PSC.
The results illustrate that FAPbBry PSC could behave with superior photo-
voltaic in a low-light environment and has great potential for underwater
photovoltaic applications.” Nevertheless, the challenges of toxicity caused by
Pb leakage and poor stability present significant obstacles for the widespread
underwater application of PSCs. Extensive research has been conducted to
address toxic issues by exploring alternative materials such as Bi, Ge, and Sb
to replace the highly toxic Pb in PSCs.®’ The stability of PSCs is related to
intrinsic factors, such as hygroscopicity, thermal instability, and ion migration,
as well as extrinsic factors including ambient humidity, temperature, solar
radiation, oxygen, and hail.”> Advanced encapsulation technology has the
potential to enhance the stability of PSCs by preventing their exposure to
water and oxygen. Luo conducted a systematic comparison of three encap-
sulation materials, namely polyisobutylene based sealant (PVS, HelioSeal),
EVA (Meilida), and AB epoxy glue, to comprehensively assess the influence of
encapsulation on the stability of PSC. The findings indicate that AB glue
exhibits superior performance as an encapsulation material, capable of effec-
tively functioning with both metal electrodes and ITO electrodes.”® Kim
proposed a multifunctional encapsulation strategy employing hydrogen bond-
based self-recovering polymeric nanomaterials as a potential substitute for
traditional glass-based encapsulation. Underwater experiments — demon-
strated that Pb in physically damaged halide PSCs can be entirely confined
within the self-recovering encapsulation.*

Organic semiconductor with adjustable bandgap (=1.8 €V) is another ideal
material for underwater application. Organic solar cells possess the potential
to be engineered with characteristics such as lightweights, flexibility, and
seamless integration into the contours of underwater automated devices,

thereby avoiding any additional burdens of weight and intricacy of underwa-
ter automated devices.” Figure 2F illustrates an instance of the underwater
spectrum at a depth of 10 m in medium clarity water. Additionally, Figure 2F
also displays the normalized EQE efficiency of a single junction organic
photovoltaic constructed using poly (3-hexylthiophene, P3HT) and indene-
C60 bisadduct (ICBA). Evidently, the organic photovoltaics exhibit a strong
compatibility with the underwater spectrum and demonstrate commendable
performance under low light conditions. Immediately afterwards, R.J. Walters
introduces a novel organic photovoltaic multijunction design, incorporating
two absorber layers with identical spectral responses, enabling efficient
conversion of the narrow underwater spectrum and very high voltages.” The
degradation of electron acceptors in organic solar cells is widely recognized
as a significant factor contributing to performance instability and hindering
their commercial viability. In this regard, Kong employ a tape stripping tech-
nigque to selectively remove the electron acceptors on the surface of the
donor material. The findings indicate that the selective removal of electron
acceptors near the top electrode enhances the feasibility of long-lasting
organic solar cells, capable of operating even in submerged conditions with-
out the need for encapsulation.”’

Developing dye-sensitized solar cells (DSSCs) for underwater photovoltaic
have also attracted increased attentions. Dye-sensitized solar cells employ
dyes to capture light energy and convert in into electricity. The absorption
capacities of various dye materials vary for distinct wavelengths of light,
thereby enabling the adjustment of the bandgap range contingent upon the
specific dye material employed.” Li's work was inspired by the light-captur-
ing mechanism of seaweed, leading to the development of DSSCs utilizing
both natural and artificial phycobiliproteins (PBPs) to capture underwater low-
light. The DSSC incorporating B-phycoerythrin exhibited its highest photo-
electric conversion efficiency within the wavelength range of 525 to 570 nm,
indicating promising prospects for its application in underwater photovoltaic
systems.” Toka Hatem narrowed the energy bandgap of the active meso-
porous TiO, layer from 3.15 to 2.6 eV through the incorporation of a natural
beetroot dye. As a results of optimization process, the DSSC demonstrated a
notable power conversion efficiency of 6.1% in diffused light conditions.*” P.
K. Enaganti conducted a research utilizing TiO, as working electrodes and
7907 as wide bandgap sensitizers to fabricate a DSSC with wide bandgap of
1.8 eV. The experimental results obtained under submerged conditions
demonstrated the superior performance of DSSCs in low light conditions
underwater, surpassing that of conventional silicon photovoltaics. This can
be attributed to the localized absorption of dye within the visible region.”'

NEW PATHWAY-UNDERWATER SOLAR CONCENTRATING

Despite the improved energy conversion efficiency of various spectrum
matched underwater solar cells, the electricity generation capacities still fall
short due to the attenuated solar irradiance. Consequently, underwater planar
photovoltaics cannot operate at their maximum potential. In light of this, the
idea of underwater solar concentration may offer a new pathway toward effi-
ciency underwater solar energy utilization.

Underwater solar concentrating photovoltaic

The current solar concentrators are designed for terrestrial applications
and are not suitable for underwater use due to the inherent differences in
optical properties between water and air. In response to this limitation, Liang
presents a novel deformable underwater solar concentrator, characterized by
a hollow cylindrical shape and elastic films covering its planar surfaces.””
When submerged, the elastic films undergo a concave deformation caused
by the pressure disparity within the concentrator, resulting in the formation of
spherical convex lenses, Figure 3A. Furthermore, the optical characteristics of
the deformable concentrator were examined via theoretical and simulative
methods to analyze the effect of the membrane's deformation ratio and
cylinder length. The theoretical findings illustrate that the focal length of the
deformable concentrator ranges from approximately 4 m to 0.45 m as the
deformation ratio increases from 0.05 to 0.45.”” Figure 3B presents a real
optical path of the deformable underwater solar concentrator. However, to
advance research on underwater solar concentration technology, it is neces-
sary to address the limitations and challenges inherent in the technology. One
notable challenge is the fouling of the transparent elastic membrane, which
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Figure 3. Utilization of underwater solar energy in concentrating method (A) schematic diagram of the deformable underwater solar concentrator; (B) Optical path of the
concentrator; (C) Energy flow of the underwater linear-focusing solar concentrating photovoltaic; (D) Schematic diagram of underwater linear-focusing solar concentrating
photovoltaic; (E) Schematic diagram of the underwater solar concentrating photovoltaic-membrane distillation integrated system, in which (1)-Sunlight, (2)-Elastic transparent
membrane, (3)-Reflective surface, (4)-Transparent cone, (5)-Solar cell, (6)-Feed seawater, (7)-Distillation membrane, (8)-Vapor condensing surface; (F) Electrical and potable

water yield performances of the integrated system.

serves as an optical element and is exposed to natural water. This fouling can
result in a decline in both concentrating performance and durability of the
concentrator. A potential resolution to this challenge could entail isolating the
transparent elastic membrane from natural water by placing it in an inert gas
or liquid environment.

Combining the underwater solar concentrator with a tri-junction gallium
arsenide solar cell can built an underwater solar concentrating photovoltaic
system, capable of achieving a maximum experimental efficiency of 15%
during normal light incidence. However, its efficiency rapidly declines during
light off-normal incidence. Due to the inherent difficulties associated with
underwater tracking, the practical implementation of underwater concentrat-
ing photovoltaics is significantly constrained. In order to address the limita-
tions of inadequate operational hours and difficulties in integration with
photovoltaic modules, a novel underwater linear-focusing solar concentrat-
ing photovoltaic has been further developed. The constituents of it encom-
pass concentrating cavities, a flexible transparent membrane, internal reflec-
tors, cones exhibiting complete reflection characteristics, and solar cells, as
depicted in Figure 3D. The optical simulation results demonstrate that it is
capable of capturing all incident light within an angle of 20°, and it retains a
93% light interception rate even at an incident angle of 25°. Additionally, the
experimental findings illustrate that a 12.60% electrical efficiency can be
achieved at its immersion depth of 0 cm, and 6.56% in immersion depth of
100 cm in clean water. Furthermore, there is a direct correlation between
water turbidity and the decline in electrical efficiency as the water depth
increases. Specifically, at a water depth of 100 c¢cm, the electrical efficiency
experiences a significant decrease of 84.27% when the water turbidity
increases from 0 NTU to 15 NTU.* This phenomenon is ascribed to the
correlation between the elevation of water turbidity and the augmentation of
light scattering, which becomes more pronounced over extended distances.

Underwater solar concentrating photovoltaic-thermal
From the results reported in Ref [64], as the underwater linear-focusing

solar concentrating photovoltaic immersion depth rises from 0 cm to 100 cm,
the percentage of solar energy dissipated as heat varies from 46.68% to
25.92%, Figure 3C. Therefore, reusing the dissipated heat to achieve fully use
of underwater solar energy through solar concentration-photovoltaic-ther-
mal (CPV-T) methods may be a valuable research topic. A concrete illustra-
tion of this concept involves the fusion of underwater solar concentrating
photovoltaic with membrane distillation units, thereby enabling the simulta-
neous generation of potable water and electricity,” as illustrated in Figure 3E.
The integrated system comprises underwater solar concentrators, photo-
voltaic modules, and membrane distillation units. The primary function of the
photovoltaic modules is to generate electrical power, while the membrane
distillation units employ the waste heat to facilitate the separation of potable
water from seawater. Experimental results illustrate that the underwater
concentrating photovoltaic-membrane distillation integrated system can
attain an electrical efficiency of 10.5% and a water yield efficiency of 48.3%,
Figure 3F.°° This integration has the potential to alleviate the burden on
coastal regions grappling with substantial requirements for electricity and
potable water. However, the current research fails to provide information on
the electrical and potable water yield performances of the integrated system
when submerged at varying depths in a natural aquatic environment.
Furthermore, a thorough assessment of the economic ramifications and
environmental impacts of this technology also warrants further study.

CONCLUSIONS AND OUTLOOKS

Underwater solar energy is a captivating and renewable resource in the
marine environment, owing to its substantial abundance and sustainability.
Insufficient attention has been given to the capture of solar energy transmit-
ted underwater, particularly in scenarios involving underwater or near-water
energy requirements. This work systematically examines the theoretical
framework pertaining to the utilization of underwater solar energy. It encom-
passes a comprehensive discussion on the interaction between light and
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water, encompassing aspects such as reflection at the air-water interface, as
well as water's attenuation resulting from absorption and scattering. Due to
the variability in water clarity across different geographical locations, accu-
rately and conveniently evaluating the underwater solar spectrum poses a
challenge. Therefore, a comprehensive understanding of the underwater solar
spectrum is imperative, as it serves as the foundation for designing underwa-
ter solar cells with optimal bandgaps. This work proposes a potential and
straightforward methodology to ascertain the solar spectrum in any water
clarity conditions. This is achieved by examining the spectral attenuation
coefficients of Formazine standard turbidity solution through spectropho-
tometry. Subsequently, using the Lambert-Beer law enables the determina-
tion of underwater solar spectrum in any depths and water clarity conditions.
To better match the underwater spectrum, the underwater solar cells should
be designed with the optimal band gap between 1.8 eV and 2.1 eV. In this
regard, the perovskite solar cells, organic solar cells, and dye-sensitized solar
cells with adjustable bandgap are ideal and promising for underwater appli-
cation. Solar concentrating technology is considered the most direct and
effective method for increasing the density of underwater solar energy.
Therefore, this work not only focuses on the development of spectrum
matched underwater solar cells but also highlights the potential of underwa-
ter solar concentration as a new pathway toward efficiency underwater solar
energy utilization. Given the distinct optical properties of water compared to
air, the lack of concentrators suitable for underwater environments is identi-
fied as a crucial area for future investigation. Additionally, the development of
appropriate underwater concentrating photovoltaic technology and the
underwater concentrating photovoltaic-thermal integrated systems are
deemed valuable research pursuits.
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