
OR I G I N A L R E S E A R CH

Hybrid Photovoltaics cell with triboelectric nanogenerator:
Overcoming energy availability limits and reducing
optical scattering losses

Ramsundar Sivasubramanian1 | Chockalingam Aravind Vaithilingam1,2 |

Suriati Paiman3 | Ashish Sharma4,5 | Indragandhi V6

1Clean Technology Impact Lab, 1, Jalan

Taylor's, Taylor's University Selangor, Subang

Jaya, Selangor, Malaysia

2Center for Sustainable Societies, 1, Jalan

Taylor's, Taylor's University Selangor, Subang

Jaya, Selangor, Malaysia

3Department of Physics, Faculty of Science,

Universiti Putra Malaysia, Serdang, Selangor,

Malaysia

4Discovery Partners Institute, University of

Illinois System, Chicago, Illinois, USA

5Department of Climate, Meteorology and

Atmospheric Sciences, University of Illinois

Urbana–Champaign, Urbana, Illinois, USA

6School of Electrical Engineering, VIT, Vellore,

India, India

Correspondence

Chockalingam Aravind Vaithilingam, Clean

Technology Impact Lab, Taylor's University,

Petaling 47500, Malaysia.

Email: aravindcv@ieee.org

Abstract

Solar photovoltaics has long been a major research area in renewable and sustainable

energy, with a large percentage of these efforts directed towards resolving PV limita-

tions, the most critical of which is energy availability. The amount of solar PV power

output is related to the amount of irradiation incident on it; hence, times of no or low

irradiation levels result in zero or reduced power generation. The design and analysis

of the optical performance of a contact-separation triboelectric nanogenerator inte-

grated hybrid PV cell that can scavenge energy from rain without interfering with the

device's normal operation is presented in this work. The hybrid cell's redesigned

materials and structure enable it to minimize optical scattering losses recorded at the

top glass layer of conventional PV devices by up to 50% while enhancing transmittiv-

ity from 90% to 95% across the visible wavelength range of 400–800 nm.
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1 | INTRODUCTION

Solar photovoltaics (PV) technology has been and continues to

be one of the most widely used renewable energy sources, and

for good reason. Except for production, installation, and disposal,

PV panels are essentially a carbon-negative source of clean

energy that can be deployed with relatively few limits to harness

a natural source of energy (sunlight) that is available practically

anywhere on the planet's surface. However, the technology has

some limits, particularly in terms of conversion efficiency, energy

supply, and reaction to demand changes. Demand fluctuations,

for example, can be addressed using intermediate energy storage

and suitable sizing where necessary. Extensive research efforts

continue to yield newer generations of solar PV technology with

ever-increasing efficiency. The fundamental nature of solar PV,

which converts incident solar irradiation into electric potential,

can potentially be a major restriction. Solar PV output is ham-

pered by periods of inactivity and reduced performance at night

and during periods of reduced sunshine (due to weather events

such as overcast sky, rains, etc.). One strategy to address this

limitation is to use complementary power generation technolo-

gies, which is the logic used in this study.1 Solar PV cells have

been topped with a transparent contact-separation triboelectric

nanogenerator capable of capturing energy from rainfall. Because

the nanogenerator is transparent, it does not prevent irradiation

from reaching the PV surface, allowing both devices to run

simultaneously. During rainy seasons, the nanogenerator layer

supplemented the PV layer's power output.
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1.1 | Scavenging rain energy as a source of energy

Rain has two types of energy: raindrop electrostatic energy, which

is caused by the interaction of gaseous molecules in the atmo-

sphere with the droplet as it falls through the atmosphere, and

raindrop kinetic energy, which is caused by its mass and velocity.

Raindrops range in size from 0.5 to 4 mm and reach a terminal

velocity as they fall through the atmosphere, when the drag on

the droplet surface balances the force of gravity acceleration on

the droplet's mass. When these droplets strike a surface, they

impart velocity (mechanical energy) and, if the impact surface is a

dielectric, electrostatic charges.2,3 For example, the momentum of

precipitation on a material could be exploited to gather energy via

material characterization. Raindrops range in size from 0.05 to

4 millimeters, as seen in Figure 1.

The difficulty in harnessing rainfall energy stems from its very

scattered nature throughout time and location. Following this, there is

less exergy and more entropy. However, geographical phenomena

such as crop devastation and soil erosion have long demonstrated

how the energy of rainfall affects the ecosystem. With developments

in material science, nanogenerators have emerged as a viable option

for capturing and utilizing this energy.

1.2 | Conceptual framework

The conceptual framework is based on the fundamental equations of

electromagnetics, as shown in Figure 2, with the contact separation

illustratively. Maxwell's whole focus was on developing the theory of

electromagnetic waves. To account for the effect of mechanical energy

triggering on the medium and even surface charges, an additional term,

polarization current P (generally neglected but with material orientation

and choice this makes significant value) in the displacement current

D due to static charges and the electrical energy εE (constitute for opti-

cal energy conversion depending on the material used). This addition of

the polarization component to the charge unit's edge boundary includes

electromagnetic and polarization coupling.

The rationale behind this study is that one approach to

overcoming this difficulty is to employ complementary power produc-

ing strategies.1 Here, solar PV cells are covered with a transparent

contact-separation triboelectric nanogenerator that can capture

rainfall energy. The two devices can cooperate since light may still

reach the PV surface due to the nanogenerator's transparency. The

PV layer's power generation is enhanced by the nanogenerator layer's

when it rains. Researchers have made multiple successful attempts to

harness this energy using TENGs and PENGs, with some cases includ-

ing the mechanisms being integrated with other similar renewable

energy harvesting methods such as tidal and wind power.4–7

This paper is organized with Section 2 exploring evolution

towards hybrid PV cells to accommodate the energy scavenging from

the rain drop electrostatic forces, the CSTNG hybrid PV cell, and the

analysis of the optical performance of such devices. Section 3

addresses the results and pertinent discussions on the new CSTENG

hybrid cell. Finally, Section 4 concludes the paper, summarizing key

findings and recommendations.

2 | MATERIALS AND METHODS

2.1 | Contact-separation nanogenerator operation

TENG employed in this study operated in vertical contact separation

mode and is as shown in Figure 3 which illustrates the steps involved

in operation.

TENG's top and bottom layers are initially electrically neutral.

Once contact was made, the two dielectrics' differing triboelectric

potentials caused equal and electrically opposing charges to form on

their contact surfaces. When the layers begin to separate, the tribo-

electric surface charges induce opposing charges on the electrode

(conductor) layers adhered to them. Because the two electrodes are

connected by an external circuit, electrons flow through it to neutral-

ize the charge in the electrode layers, resulting in a pulse of current in

the external circuit.8,9 Although the charges in the electrode are neu-

tralized by the flow of electrons through the external circuit, the

charges created in the dielectric layers remain due to the limited/nil

charge mobility in dielectric materials. When the distance between

these two charged dielectric layers begins to change in the following

stage as the TENG layers approach each other, they behave like a

capacitor and cause a current to flow in the external circuit, this time

in the opposite direction due to the switched layer polarity. As a

result, when the process repeats in a cycle, the CS-TENG produces an

alternating current output1,2

F IGURE 1 Rain droplets of various shapes and sizes.
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F IGURE 3 Contact Separation TENG–steps of operation.

F IGURE 2 Electro-static force and the concept of triboelectricity in CS TENG.
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2.2 | Electrical model

A CS-TENG can be modeled as a parallel plate capacitor that operates

according to Gauss' law since the TENG surface (capacitor plate) area

is significantly bigger than the separation distance between the TENG

layers. In this case, the assumptions of electric fields aligned normal to

the dielectric plane and uniform charge distribution throughout the

entire surface area apply. The voltage (V) between the electrodes is

calculated as the sum of the electric fields across the dielectrics ε1

and ε2 of the plates and ε0 the air gap dielectric, and the separation

distance (between d1 and d2) as
10,11 in Equation (1).

V¼� Q
Sεo

d1
ε1

þd2
ε2

þx tð Þ
� �

þσx tð Þ
ϵo

ð1Þ

where, x tð Þ is the time dependent separation distance between the

TENG layers with thicknesses d1 and d2 and relative permittivities ε1
and ε2 respectively; σ is the surface charge density, S is the TENG

(surface) area and Q is the electrode charge.

For a TENG consisting of two electrode backed dielectric layers

operating in the vertical contact separation mode at constant velocity

(v), the resultant short circuit current (Isc) is given by the relation as in

Equation (2).

Isc ¼ Sσvdo

doþx tð Þð Þ2
ð2Þ

where, do ¼ d1
ε1
þ d2

ε2:

The open circuit voltage (Voc) is given by Equation (3),

Voc ¼ σx tð Þ
εo

ð3Þ

For the constant velocity condition, the velocity (v) is calculated

as in Equation (4)

v¼2 xmax�xminð Þ
T

ð4Þ

where, xmax and xmin are the maximum and minimum separation dis-

tances between the dielectric layers respectively and T is the duration

of one cycle of TENG contact separation operation.

2.3 | CS-TENG PV hybrid cell

The proposed hybrid cell architecture consists of the following layers:

glass at the bottom, followed by PV rear electrodes, then the semicon-

ductor layer, and finally top electrodes. The layers preceding this com-

ponent make up the hybrid cell's PV subsystem. The triboelectric

nanogenerator component is made up of two polymeric films: fluori-

nated ethylene propylene (FEP) and polydimethylsiloxane (PDMS),

which are physically separated by a spacer and have electrodes

stacked on planar sides that do not face each other. The bottom

polymeric layer and the superior layer of the PV cell share a common

electrode. The top electrode can be copper or, for improved optical

performance, any transparent conducting oxide, such as the most

widely used Indium Tin Oxide. Raindrops hitting the hybrid cell's

highest layer/surface cause contact separation between the two

polymeric layers. This causes the two layers to develop a potential

difference due to the varying propensities of the two constituent

materials to lose or gain electrons (as indicated by their position in

the triboelectric activity series) and become polarized, gaining

opposing electrical charges with respect to each other. These polar-

ized charges are neutralized by the passage of electrons through

electrodes layered on the layers, which are then routed through an

external circuit. This procedure represents the electrical power out-

put of the hybrid cell's triboelectric nanogenerator component. The

electrodes on the top triboelectric layer were engineered to mimic

those on the PV surface below to eliminate shading losses caused by

metallic electrodes.12 The polymeric layers were chosen to achieve a

balance of maximum triboelectric polarization capacity and optical

transmittivity. This assured that the resulting nanogenerator assem-

bly had equivalent or higher optical transmittivity than the standard

glass top layers in PV panels. Figure 4 is a depiction of the proposed

CS-TENG-PV hybrid cell, including the constituent layers.

2.4 | Material selection for the CS-TENG

The proposed CS-TENG architecture in this study was created using

four different materials: three dielectrics and one electrically conduc-

tive substance. The most important material selection criteria for this

work were applied to the selection of the dielectrics that would con-

stitute the two layers of the CS-TENG. The triboelectric series is an

ordered collection of materials based on their triboelectric potentials.

A material's triboelectric potential is essentially a measure of its ten-

dency to lose (tribo-positive) or gain (tribo-negative) electrons through

polarization when it encounters another dielectric or conductive

material.4 A TENG can be built using any two dielectric materials with

distinct triboelectric potentials.

However, to get the highest TENG performance, the selected

materials must have as large a triboelectric potential difference as

possible.5,6 In the case of the proposed design in this study, because

the CS-TENG had to be developed to function as part of a hybrid cell

integrated with a photovoltaic cell rather than as a standalone device,

various other factors/constraints enter the triboelectric materials

selection. According to the proposed device design in the preceding

section, because the TENG is layered on top of the PV cell, strong

optical transmittivity of the TENG layers is critical.

The values must be equivalent to or larger than the standard tem-

pered glass covers found in traditional PV modules/cells. This constraint

eliminated various types of triboelectric materials, such as rubbers,

wood, crystalline polymers, and some organic materials, because they

are not optically transparent despite their great triboelectric perfor-

mance. The second important aspect was material durability—because

4 of 14 SIVASUBRAMANIAN ET AL.
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the TENG's object of integration is a PV cell, the materials utilized must

have service durations equal to those used in commercial solar panels,

which have an average service life of 20–25 years.13–15 This implies a

requirement for materials with well-documented weathering qualities

and resilience against environmental pollutants.

The third criterion to examine was the successful completion of

the contact-separation action using the chosen driving force—

raindrops in this example. The material used for the top TENG layer

must have the appropriate elastic modulus so that the deflection

caused by raindrop impact is at least equal to or slightly more than the

layer separation distance in the TENG. Given all these considerations,

fluorinated ethylene propylene (FEP) and polydimethylsiloxane

(PDMS) were chosen as the dielectric materials for the CS-TENG. The

top CS-TENG layer was made of FEP, which is the more tribo-

negative of the two materials, while the bottom layer was made of

PDMS, which is tribo-positive in comparison.

2.4.1 | Fluorinated ethylene propylene

Fluorinated ethylene propylene is a highly flexible polymer with

numerous industrial applications. It is highly valued for its optical

transparency,16 mechanical durability,11,17 outstanding weathering

characteristics,12,18 and chemical stability,13,19 which has led to its

employment in a wide range of applications,14,20 including the perfor-

mance and lifetime enhancement of optical and electronic systems.15,21

FEP has a high contact angle (112�–120�) with water, making it more

hydrophobic than polyvinyl fluoride (PVF) or glass,16,22 which are com-

monly used facing materials in conventional PV modules.

This feature also makes FEP appealing for solar PV applications

since it makes the PV cells/modules more resistant to contamination

from environmental causes, allowing the hybrid cell to remain clean

for longer periods of time than a PV cell coated in glass. The mechani-

cal and thermal durability of FEP and its excellent resistance to UV

degradation have been well documented in the literature.23 In addi-

tion, the superior hydrophobic nature of FEP also enables it to have

good triboelectric charge retention properties, particularly when used

for solid–liquid contact electrification applications.24

This investigation used Dupont Teflon clear FEP films, Type A

(general use variation). It is an amorphous polymer composed of tetra-

fluoroethylene and hexafluoropropylene. Because of its amorphous

form, FEP is both transparent and isotropic. It has low permeability to

organic vapors, gases, moisture, and liquids, and it is chemically inert

and resistant to almost all chemical substances except for very

uncommon ones such as gaseous fluorine, complex halogenated com-

pounds, and molten alkali metals, all of which are unlikely to be pre-

sent in the Hybrid cell's expected operational environments.

2.4.2 | Polydimethylsiloxane

PDMS is an amorphous, dielectric silicone oil or resin that, when

mixed with a curing agent, forms an elastomer through crosslinking.

The ratio of resin to curing agent utilized determines the qualities of

the final elastomer, such as hardness and elasticity. This elastomer is

particularly effective in infiltrating and flowing into small areas, and

after curing, it easily preserves even micro-meter scale mold charac-

teristics, making it a preferred choice for microlithography and micro

electro-mechanical systems (MEMS) applications.25 Because PDMS is

biocompatible, it is useful in a variety of biomedical and biotechnolog-

ical applications.26 Due to its ease of use, diversity in fabrication, and

strong triboelectric properties, PDMS is frequently employed in nano-

generators of diverse sizes and morphologies.27,28

PDMS is also very transparent, resistant to a variety of environ-

mental pollutants, and hydrophobic. The polymer is made up of a

lengthy chain of siloxane groups that end with silanol groups. In this

study, Dow Sylgard 184 resin and hardener were employed to create

the PDMS film for the CS-TENG.

2.4.3 | FEP–PDMS triboelectric mechanism

While section 1.3 outlined the basic operating principle of a CS-TENG,

with the top dielectric material being more tribo-negative than the

bottom one, this section will go over the mechanism of surface charge

production between the two dielectrics during contact separation.

F IGURE 4 CS-TENG PV hybrid cell: the exploded view and the prototype.

SIVASUBRAMANIAN ET AL. 5 of 14
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FEP is made up of several highly polar C-F (carbon-fluorine) covalent

bonds, with the F end being significantly more electronegative than the C

end. As a result, the overall CF3 and CF2 groups along the polymeric

chain have negative charges oriented towards the F atoms and slightly

positive ends. In the absence of an external electric field, the groups are

randomly distributed across the material, making it electrically neutral.

On the other hand, PDMS is made up of numerous methyl (CH3-)

groups connected by a lengthy chain of Si O bonds. Normally, the

methyl groups are non-polar, but the presence of electronegative

Si O groups attracts the molecule's negative charges, leaving the

methyl groups slightly positively charged. Like FEP, these charges are

randomly oriented in the absence of an electric field, and the material

is electrically neutral.

When the two dielectrics come into contact, interfacial polarization

occurs because the negative C-F groups in the FEP and the positive

methyl groups in the PDMS attract each other, resulting in a concentra-

tion of electrical charges along the interfacial boundaries in each dielec-

tric. This results in an opposing charge on the other border of the

dielectric material in contact with the metallic electrode. Even after the

two dielectrics split, their limited charge mobility allows them to retain

polarized charges for longer periods of time than metallic electrodes,

which are neutralized by the passage of electrons through the external

circuit. The entire cycle is repeated each time the two dielectric layers

of the CS-TENG are driven to contact each other repeatedly.

2.5 | Optical performance of the hybrid cell via
ray-tracing studies

The hybrid cell's geometry was designed in a modeling tool and then

analyzed through Monte Carlo ray-tracing simulations in TracePro

(by Lambda Research Corporation). To mimic sun irradiation in the

simulation space, the appropriate optical parameters (reflectivity,

absorptivity, and transmittivity) were defined for each layer in the

hybrid cell model, as shown in Table 1, as well as a light source (grid

source, random pattern with solar divergence angle). Ray-tracing stud-

ies were carried out on a hybrid cell with a footprint of 40 mm

� 40 mm to compare the results to lab-based physical tests. The find-

ings of the ray-tracing analyses were presented as irradiation maps,

allowing the study of the effects of the interfering triboelectric nano-

generator layers on the overall optical behavior of the hybrid cell. The

analyses were performed under different irradiance levels, and

the findings were compared to the simulated optical performance of a

typical PV cell with the same device footprint and conditions.12

Figure 5 depicts a few instances of typical irradiation maps derived

from ray-tracing investigations.

A ray independence test was used to ensure that the number of

rays from the light source defined in the Monte-Carlo ray tracing

model had no effect on the results. The same model geometry was

reproduced with similar test conditions by altering simply the number

of rays emerging from the light source. Ray counts ranged from

100,000 to 4,000,000. The lowest ray count value at which the aver-

age irradiance values on the target surface stabilized was used in fur-

ther analyses. The proposed hybrid cell was also compared to a

regular PV cell model with a similar device footprint to investigate the

implications of incorporating the CS-TENG layers on top of the PV

cell. Table 1 shows the different layers in each model and their aver-

age transmittivities over the visible wavelength range.

Ray tracing simulations were run for three incidence conditions:

fixed cell with normal incidence, uniaxial tracking, and dual axis track-

ing. The study's geographic coordinates were 3� 040 18.0000 N, 101�

350 16.7900 E, which corresponds to Taylor University's Lakeside cam-

pus in Subang Jaya, Malaysia. The simulations for the three incidence

circumstances were repeated for the hybrid and standard PV cell

models, respectively.

For the uniaxial tracking condition cases, the cell models were set

at a 3� inclination along the north–south axis (with the edge of the

cells facing north being higher) to ensure maximum irradiance on

the cell by matching the inclination with the latitude value, as is stan-

dard practice in solar PV setups. Every simulation using both tracking

setups for both cell models was run from 6 a.m. to 8 p.m., with irradi-

ance data captured every thirty minutes. This period corresponds to a

duration that is somewhat longer than the time the sun would be

above the horizon at that place. Furthermore, the date of June

21, 2024, was picked for study, which corresponds to the summer sol-

stice to ensure that the studies were done on a date with maximal

daylight hours at the chosen geographic location. The solar source for

both tracking and normal incidence was adjusted to a standard

TABLE 1 Layers of the hybrid cell and standard PV cell models.

Hybrid cell Standard PV cell

Layer
Average optical
transmittivity [%] Thickness [mm] Layer

Average optical
transmittivity [%] Thickness [mm]

FEP 96 0.05 Top glass 89 3

PLA Spacer 923 1.5 Encapsulant (top) 92 1

PDMS 92 1 PV cell 0 (target surface) 0.128

PV cell 0 (target surface) 0.128 Encapsulant (bottom) 92 1

Glass substrate 89 3 Backsheet 0 0.1

Top electrode (Copper) 0 0.1

Top electrode (ITO) 854 0.1

6 of 14 SIVASUBRAMANIAN ET AL.
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irradiance value of 1000 Wm�2 and a sun distance of 300 mm. For

the purposes of this study, which was primarily concerned with

observing the impacts of the superseding layers on the PV cell layer in

the models, the effects of atmospheric and sky models on solar irradi-

ance were ignored. Once the source was configured, the remaining

system parameters for the tracking simulations, such as the model and

workspace orientation, solar path trajectory calculation, entrance pupil

size, location, and orientation in the model space, model rotational

axis for tracking, and tracking tolerance in degrees, were set accord-

ingly. Tracking tolerances of 0, 1, and 5 degrees were explored to

reflect the effects of tracking inaccuracies in real-world scenarios due

to mechanical/hardware constraints. A halogen PAR (parabolic alu-

minium reflector) light array was utilized in conjunction with an inte-

rior testing setup to compare the hybrid cell's performance to that of

a traditional PV with a tempered glass cover. Both cells were tested at

similar irradiance levels, and their output voltages were recorded. A

UV–Vis spectroscope (Shimadzu UV-1900i) was used to investigate

the transmittance spectra of the TENG polymeric layers (FEP and

PDMS) over a wavelength range of 300–1100 nm. A slow scan speed

was employed at 0.1 nm intervals, and each scan was repeated three

times before the resulting data was averaged to get the final set of

measurements. The spectrometer light source fluctuations were

avoided by collecting each reading only after the warm-up phase had

ended. The transmittance spectrum data was analyzed to compare the

performance of CS-TENG layers with traditional tempered glass in PV

panels/cells.

2.6 | Testing the CS-TENG layer under water
droplet impact

To test the performance of the TENG layer of the hybrid cell, an

experimental setup to mimic the impact of rain drops on the cell was

assembled using a burette on a height-adjustable clamp and stand

with a leveled sample stage placed underneath the nozzle center. Dis-

tilled water was used to negate the effects of particulate impurities

and was dripped onto the sample placed below the burette at a con-

trolled rate. The respective TENG outputs for different water dripping

rates were then recorded to determine the optimum TENG actuation

rate from the water (rain) droplets.

3 | RESULTS AND DISCUSSION

3.1 | Transmission spectra for the CS-TENG layers

Figure 6 shows the transmission spectra graph for the CS-TENG

layers versus a common type of optical glass (N BK-7 Schott; trans-

mission spectra including Fresnel reflection at interfaces; Source—

Schott catalogue data for N BK-7).

Figure 6a depicts an overview of the transmittance spectra for

the CS-TENG layers (FEP and PDMS) versus the spectra for high clar-

ity optical glass (NBK-7; Schott). Figure 6b displays a magnified view

of the area of interest, which is the visible spectrum between 400 and

800 nm. The spectra demonstrate that both FEP and PDMS have

greater average transmittance over the visible spectrum. FEP has the

best performance (�95%), followed by PDMS (�93%), and finally

glass (�91%), which has the comparatively poorest transmittance.

As a result of these findings, CS-TENG composed of these poly-

meric layers will allow for greater irradiance incidence on the PV cell

as compared to glass, resulting in improved solar performance.

Another point to consider is that the tempered glass commonly used

in PV applications has a rough textured bottom surface to improve

bonding with the EVA encapsulant; however, because this surface

roughness is on a much larger scale than the wavelength of visible

light, it causes additional scattering/reflection of incident radiation

F IGURE 5 Irradiation maps ray-tracing analyses of the PV hybrid cell.
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and thus more losses, lowering the net effective transmittance to 88%–

89%.29 In the case of cast PDMS, the surface roughness tends to be in

the same range as the wavelength of light, reducing optical losses by

imparting an anti-reflective feature to the air-polymer interface. Using

the largest feasible difference in transmittance values results in a maxi-

mum 5% decrease in optical losses in terms of net incident irradiance,

or a 50% reduction in losses when compared to using glass (considering

N BK-7 glass as the baseline) over PV cells/ panels.

This optical performance is on par with other anti-reflective strat-

egies currently in the market such as micro-textured glass,30

ceramics31 and nano-textured polymeric films32 which can improve

the transmittivity by up to 5% (i.e., 95% transmittivity).33 But certain

coatings among these types with micro-porosities on the surface, such

as SiO2 or TiO2 ceramic coatings, necessitate the use of additional

hydrophobic coatings to tackle their propensity for soiling because of

their originally low water surface contact angles (hydrophilic surface).

F IGURE 6 (a) Transmittance spectra for the CS-TENG layers versus glass (NBK-7 Schott). (b) magnified view of the same spectra (visible light

range)
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This tendency for soiling can negate any potential power gains in the

PV from the anti-reflective properties.32 On the other hand, using

materials such as FEP, as proposed in this study, obviates the need for

an additional anti-soiling layer and integrates both anti-reflective and

anti-soiling properties into a single layer, thus resulting in cost

and material savings.

3.2 | Variation in PV output versus different
covering media

As described in Section 2.3, PV cells were covered with various

media and their output was tested under identical irradiance conditions.

The test cases included bare cells, cells with FEP, cells with PDMS, and

cells with a tempered glass cover. The findings are presented in Figure 7.

The graph's results reveal that, omitting the bare cell, the FEP

coated cell had the highest output, followed by PDMS with only a

marginal difference, and finally the glass coated cell with the lowest

output, which differed significantly from the previous two examples.

The data here followed a similar trend to the transmission spectra,

supporting the notion that higher transmittance values result in

increased PV production. The naked cell in this case was a control

setup, which showed a marginally superior performance compared to

the cells coated with the polymers, but that is to be expected because

in that case the complete irradiance from the light source was incident

without obstruction on the PV cell.

3.3 | Ray-tracing results

3.3.1 | Ray independence test

The ray independence test results are displayed in the graph below

(Figure 8). The graph shows that 1,000,000 was the lowest ray count at

which the average irradiance values from the ray tracing simulations

remained steady; hence, it was used for all further investigations.

3.3.2 | Optical performance of cell models under
normal incidence condition

Figure 9 shows the results of the ray tracing studies for regular PV

cells and CS-TENG-PV hybrid cells side by side. Both devices have the

same footprint and were subjected to the same irradiation conditions

in the simulation setting. The data shows that the hybrid cell, with

both a totally opaque top electrode and an optically transparent ITO

electrode, has a higher overall flux incident on the PV layer than a

standard PV setup with a glass cover. This is due to the CS-TENG

layers' better overall transmittance as compared to glass and encapsu-

lant in the standard PV cell type. Clearly, the cell model with the trans-

parent ITO electrode had the highest incident irradiance on the PV

layer, followed by the hybrid cell model with an opaque top electrode,

and finally the normal PV model. An unexpected result was that,

despite the shading losses caused by an opaque top electrode in the
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cell, the higher total transmittance more than compensated for the

loss in irradiance. Hence, both cases of hybrid cell models showed

superior performance to the regular cell model.

Furthermore, in the proposed design, the glass layer was moved

to the bottom of the assembly, keeping its benefits of providing struc-

tural stability to the hybrid cell while also making the design more

suitable for bifacial PV configurations. Another advantage of replacing

the glass at the top with polymeric CS-TENG layers is that the hybrid

cell gains hydrophobic properties, which boosts its resistance to foul-

ing and allows it to work for longer periods of time between cleaning

procedures. The top layer's hydrophobicity ensures that any liquid

that meets the cell rolls off, as well as any dust or debris that has

accumulated on the surface. The largest difference in flux computed

per unit area from the ray-tracing data between the three cases was

62.72 Wm�2, which is a significant gain over standard PV panels,

given that PV panels have power densities of 200–300 Wm�2.

3.3.3 | Optical performance of cell models under
tracking conditions

Figure 10 shows a plot of the net flux collected versus time for both

cells (standard and hybrid) under uniaxial and dual-axis tracking

scenarios.

3.4 | Performance of the CS-TENG

This section compares the practically documented results of the CS-

TENG performance from this work to the performance of an S-TENG

model from the literature created for the same goal—to scavenge

energy from rain. For this goal, Zheng et al.'s34 work was used as a

point of contrast. Like this effort, the chosen literature described

a concept for a silicon PV cell—TENG hybrid cell that can harness

F IGURE 9 Ray-tracing results for conventional PV versus CSTENG-PV hybrid cell. (a) standard PV cell model (b) hybrid cell with opaque top
electrode (c) hybrid cell with ITO top electrode.
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power from both sunshine and rain. The key difference between the

two investigations was the TENG design chosen: the comparison

study employed an S-TENG, whereas the current study used a

CS-TENG. As stated in the literature review summary, using an

S-TENG only allowed for the capture of raindrop electrostatic energy,

whereas a CS-TENG could harness both electrostatic and kinetic

energies, as mentioned in the research hypothesis and design descrip-

tion. Thus, by using this work as a reference, the benefits of a CS-

TENG over an S-TENG for raindrop energy collecting could be clearly

demonstrated. Figure 11 illustrates the variation in TENG output cur-

rent and voltage as load resistance changes for the reference litera-

ture and the current investigation.

Both the reference study and the current work showed similar

output voltage and current density profiles under varied load situa-

tions. The voltage climbed slowly at first with rising load resistance,

but then increased dramatically after a certain transition point beyond

1E6 ohms. The current density curve behaved similarly, but the trend

was inverted, with a high starting value at low resistance and then a

decrease with rising resistance.

The greatest power point for the TENG in both bases was seen at

the intersection of the voltage and current density curves. Though the

overall trend was comparable in both cases, the absolute values of

current density and voltage for the current work were higher than in

the reference study. This could be ascribed to the CS-TENG's greater

efficiency energy conversion mechanism, which included both the

raindrop electrostatic and kinetic energies, as opposed to the S-TENG,

which only used the electrostatic energy component. The operational

parameters for the hybrid cell in the current investigation were a

droplet dripping height of 0.6 m at a frequency of 8 drops/second and

a per droplet diameter of 1.79 mm. The TENG output for the
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reference study was obtained under the operational parameters of a

0.116 mL/s water discharge rate. Figure 12 shows a graph of the

power density plots of both TENGs under varying load. The graph

above shows the clear performance difference between the CS-TENG

from this study and the S-TENG in the reference literature. Peak

power density values of 285 mW/m2 and 170 mW/m2 were recorded

for the CS-TENG and S-TENG, respectively. This increase in power

density of around 67% over the S-TENG highlighted the clear benefit

of deploying a CS-TENG for raindrop energy gathering.

As evidenced by the disparities in power densities between the

TENG and PV components of the hybrid cell, the CS-TENG only plays

a supplemental role in the hybrid cell while the PV component

remains the primary power source. The small-scale output from the

TENG serves as a value addition to PV during times of rainfall when

solar irradiation and consequently PV output is negligible. The TENG

layers improve the PV performance by reducing scattering, as dis-

cussed in the earlier sections, while its power output is sufficient for

applications such as LED lighting, IoT-based sensors/devices for smart

applications, similar to other cases in the literature.35,36

4 | CONCLUSION

The results of the investigation show that the suggested CS-TENG-PV

hybrid cell has significant advantages over conventional PV technol-

ogy. The main benefits include reducing optical losses by up to 50%

compared to the original value.

• The polymeric layers' hydrophobic nature prevents fouling from

environmental contaminants.

• The hybrid cell uses both solar radiation and rain droplets without

negatively impacting PV performance.

The main takeaway from this study's findings was that the pro-

posed CS-TENG-PV hybrid cell model outperformed a standard PV

model in terms of optical performance while also opening an avenue

for energy scavenging from rain, which complements solar PV tech-

nology's environmentally friendly features. Even though the data pre-

sented here show the promising prospects of the proposed hybrid cell

model, the nascent expectations must be tempered, as certain aspects

of the design still require further investigation and testing before it

can compete with conventional PV technology on a commercial basis.

The primary issues are cost, longevity, the effect on solar PV's net car-

bon footprint, and manufacturing technologies for commercial-scale

production. Other methods of improving the TENG performance, such

as increasing the surface charge retention of the dielectrics via the

inclusion of metal-organic frameworks (MOFs)37,38 or through

the inclusion of hole and electron blocking layers39 can also be consid-

ered to improve the overall performance of the hybrid cell design.
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