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GRAPHICAL ABSTRACT

ABSTRACT

Energy harvesting of sunlight is often done using photovoltaic cells covered by a protective layer of polymer or
glass. Currently, this layer does not have any other function than being transparent and protective, but its
functionality could be improved and in fact contribute to electrical energy harvesting from the environment. This
work reports new findings on the integration of silicon-based photovoltaic solar with a water droplet energy
harvesting device based on contact electrification using readily available materials. The water droplet energy
harvesting device utilizes hidden or transparent front electrodes in flat or curved geometries to increase the
power output due to water droplets while at the same time minimizing the power loss from the photovoltaic cell.
Three different designs are designed and tested, and the advantages and disadvantages are outlined. Particular
emphasis is put on investigating the performance of the flat cell design that exhibited the largest electrical power
output due to water droplet impact. The electrical energy harvesting efficiency of the commercial photovoltaic
cell is about 4.4%, whereas for the water droplet energy harvesting device it is about 0.6%. The relative con-
tributions of the two energy harvesting mechanisms are analyzed, and possible applications outlined.

1. Introduction

harvesting systems which do not need large scale investments or infra-
structure. Photovoltaic solar cells are currently an important part of the

There is an increasing demand for local renewable electrical energy strategy to fulfill these demands. However, an important question is
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whether one could improve the energy harvesting by utilizing not only
the sun light, but all the energy available from the environment. For
example, in locations with rain, the associated kinetic energy should be
harvested as well. Piezoelectric transducers have been considered for
water droplet energy harvesting, with experiments dating back to 2008
[1]. Further investigations on cantilever systems [2,3] and water
collection conditions [4], have revealed that the energy collecting
electronics [5], the length of the cantilever [6] as well as its wetting
properties [7] play important roles. However, the electrodes and in-
terfaces are usually not transparent or may require moving parts which
are not easily integrated into a photovoltaic solar cell. On the other
hand, it has been demonstrated that triboelectric generators can inte-
grated with photovoltaic cells. These contact electrification devices can
be made by combining transparent electrodes with a contact electrifi-
cation layer based on fluoropolymers [8,9] or silicones [10,11]. Many
studies have employed indium-tin oxide (ITO) as transparent electrodes,
but silver wires [12,13] and PEDOT (polyethylenedioxythiophene) [14]
have also been used. It has also been shown that non-transparent edge
electrodes allow integration with standard photovoltaic cells [15].

The first devices for water droplet energy harvesting using contact
electrification were based on electrodes covered by a thin fluoropolymer
film, where the drop was contacted by [16] or dripped [17] onto the
device. Various different such back-electrode designs have been
reviewed [18,19]. Devices and structures for harvesting electrical en-
ergy from the kinetic energy of water droplets are depending heavily on
the development of materials for optimal solid-water contact electrifi-
cation. Devices utilizing periodically contacting water droplets [20],
sloshing water waves [21] or sliding droplets [22,23] have received
considerable attention. Various multifunctional wearable materials for
this purpose are considered [24,25], but also devices based on
commercially available fluoropolymers have been studied [26,27]. The
physical mechanisms of droplet impact [28] reveal that they play a
major role for the amount of energy that can be harvested [29]. A range
of different devices have been created based on contact electrification
between solids and liquids, thus opening up new ways to power small
sensors. These devices are based on monitoring the charge generated
during pipetting [30], dripping [31] or transition through an interface
[32]. Sensors for monitoring liquid level [33], microfluidic flow [34,35],
self-powered distress signal emitters [36] and devices for optical com-
munications [37,38] have been developed. Air bubbles in water [39]
and fluid-elements [40,41] have been utilized in energy harvesting
based on contact electrification with the aim of monitoring ion con-
centration [42], liquid leakages [43], turbidity [44] and pH [45]. The
design of self-powered sensors relies on the design of coatings [46] and
electrodes [47], where the surface roughness is of crucial importance
[48,49]. New sensors for gas-detection rely on contact electrification
[50,51]. Encapsulation of liquids in containers [52,53] or novel mate-
rials [54-56] may open up new applications in self-powered sensing.
However, the performance is ultimately determined by the design of
electrodes [57-59], contacting surfaces [60-62] or contacting scheme
[63,64]. Inspiration for the design of surfaces is found in nature, where
both man-made [65] and natural [66] surfaces are considered for con-
tact electrification. In addition to the surface structure [49,67,68], also
the amount of charge put into the surfaces by external means control
how much charge can be harvested [69,70]. Moreover, also surface
liquid infusion may influence the electrical output performance
[71-73]. The charge transfer is mainly governed by the charge available
[74-76], and precharging of polymer films as well as careful front-
electrode designs which allow feedback have paved the way for
improved devices [74,77,78].

Recent studies have demonstrated that front-electrodes can be used
to improve the water-drop energy harvest [27,44,59,74,75]. However,
there is a need to understand how to balance the performances of the
photovoltaic and water-drop energy harvester to the particular appli-
cation. In the current study the water-drop energy harvester utilizes a
front-electrode that is either transparent or hidden, in the sense that it
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does not block light, is utilized in a device for both harvesting energy
from water droplets as well as light. Three different contact electrifica-
tion devices utilizing hidden or transparent front electrodes are inves-
tigated, with particular emphasis on integrating its functions in presence
of a photovoltaic solar cell. To do so, issues related to transmission of
light as well as mechanical to electrical energy conversion are studied
with the goal of finding a design which allows utilization of existing
materials.

2. Water drop energy harvesting using flat hydrophobic film and
edge electrodes

The first device presented in this work is shown in Fig. 1 a), and is a
minimal version wherein the contact electrification layer is placed
directly on top of the photovoltaic cell and fastened with adhesive. The
metal electrode is then wrapped around the rim of the photovoltaic cell.
If one has the materials available (photovoltaic cell, contact electrifi-
cation layer and metal electrode), the whole fabrication process is very
simple only takes a few minutes. Fig. 1 a) shows a picture of a com-
mercial polycrystalline solar cell with a hydrophobic contact electrifi-
cation layer on top, and electrodes placed at the edges such that they do
not block any illumination.

Fluorinated ethylene propylene (FEP) is a much-used hydrophobic
fluoroplastic known for its ability to become triboelectrically charged
and is therefore choses as contact electrification layer. Here a 50 pm
thick film of FEP (DuPont) is used as contact electrification layer, which
when impacted by water droplets develop a negative surface charge. The
metal electrode is a 0.25 mm stripped nickel-coated copper wire wrap-
ped around the edge of the photovoltaic cell such that it does not block
the light. The metal electrode is used to collect charge, while at the same
time remaining in the path of the water droplet to be able to collect the
associated transferred charge.

The basic working principle is shown in Fig. 1 b)-d). The electrified
film will cause the positive charge inside the droplet to move towards
the water-solid interface upon impact. This charge is transferred when
the droplet comes in contact with the metal electrode, and a current will
run into the storage reservoir on the top electrode not in contact with
water.

2.1. Electrical characterization

Upon letting water droplets of volume 60 pL impinging on the device
from 0.3 m height, the current occurs as pulses with a positive and a
negative return as seen in Fig. 2 a). This observation is in qualitative
agreement with the mechanism outlined in Fig. 1 b)-d).

To be able to harvest energy from the device, it was connected to a
resistive load, and the corresponding peak current versus load resistance
Ry, is shown in Fig. 2 b). The peak power of each water-droplet-induced
pulse is shown as function of load resistance in Fig. 2 c). It is found that a
peak power of about 40 pW is obtained when Ry, = 33 MQ. However,
peak power is only reached for a few milliseconds, and perhaps the
average power per water-droplet-induced electrical pulse would be a
better measure. To this end, the blue circles in Fig. 1 c) suggests that the
average power per pulse is about 4 pW at Ry, = 33 MQ. By integrating the
power Ry, [I?dt over one single pulse due to a single water droplet it is
found that about 0.12 pJ is harvested.

2.2. Transmittance of light and photovoltaic solar cell performance

The performance of a photovoltaic solar cell depends strongly on
how much light passes through the hydrophobic film in front of it. In
many cases, glass or plastic covers are used to protect the solar cell,
which means that the application of a contact electrification layer would
not hamper the performance of the solar cell if both the contact elec-
trification layer and the underlying electrodes are entirely transparent to
sunlight. However, complete transparency is seldom the case, and it is



L.E. Helseth

Applied Energy 300 (2021) 117394

FEP
mm Metal
Water

mmm Solar cell

Fig. 1. A picture of a device utilizing non-transparent metal electrodes (a), and schematic drawings of its working principle (b-d). See the text for details.
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Fig. 2. The short circuit current (a) when individual water droplets of volume
60 pL impinge on the device from a height of 0.3 m. In b), the peak current is
displayed as a function of load resistance of an external resistor. In c), the peak
power (red squares) and average power (blue circles) of each pulse is shown as
a function of load resistance. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

therefore necessary to evaluate the transmittance of these components
before mounting them on a solar cell.

The green line in Fig. 3 a) shows the transmittance of the 50 pm thick
film of FEP film measured using an UV-VIS spectrometer. In most of the
relevant spectrum the transmittance remains above 95%, but in the ul-
traviolet region (<400 nm) it drops to below 90%. However, in many
solar cells this has no consequence due to their low UV-performance.

In Fig. 3 b), the current versus voltage of a solar cell is shown for an
uncovered photovoltaic cell (blue line) of efficiency n = 0.044 that is
illuminated by collimated halogen lamp light of 450 W/m?2. The green
line in Fig. 3 b) shows the current versus voltage for the same photo-
voltaic cell under the same illumination conditions, but now covered
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Fig. 3. In a), the transmittance with FEP (green line) and FEP + PDMS + ITO
+ PET (red line) is shown. In b), the current versus voltage of a solar cell is
shown for an uncovered solar cell (blue line), solar cell covered with FEP (green
line) and a solar cell covered with FEP + PDMS + ITO + PET (red line). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

with a 50 pm thick FEP film. Upon covering the solar cell with FEP, the
short circuit current drops from 5.0 mA to 4.8 mA, corresponding to a
ratio 4.8/5.0 = 0.96, in good agreement with the transmittance
observed in Fig. 3 a). The corresponding drop in electrical power is
about 0.2 mA+4V = 800 pW, which is about 20 times higher than the
peak power produced using from harvesting electrical energy using
water droplets.

3. Water drop energy harvesting using flat hydrophobic film and
a transparent electrode

Another device configuration that allows utilization of electrostatic
induction more efficiently than the design in the previous section is
when a transparent electrode is placed below the contact electrification
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layer. The transparent electrode should have maximum transmittance in
the part of the light spectrum where the photovoltaic cell operates. Fig. 4
a) shows a picture of a commercial polycrystalline solar cell with a water
drop energy harvesting cell tightly attached using a 0.1 mm thick layer
of Polydimethylsiloxane (PDMS) as waterproof and transparent adhe-
sive. Here ITO is used as back electrode and front electrode in order to
have an all-transparent electrode system. In the lower picture in Fig. 4 a)
the rain cell is held at an angle such that the structure of the ITO elec-
trode can be seen more clearly. This structure is drawn schematically
from the side in Fig. 4 b).

When the droplet comes in contact with the contact electrification
layer (FEP) and then subsequently with the front-electrode made by ITO,
the formation of a water-solid electrical double layer causes the elec-
trons to move into the back-electrode made by ITO to neutralize the
positive charge, such that an electrical current flows as shown in Fig. 4
c). When the water droplet retracts from or moves away from the contact
electrification layer, the water-solid electrical double layer mostly
disappear (unless small amounts of water remain on the surface) and the
electrons move out of the protected ITO electrode to generate a current
as shown in Fig. 4 d).

3.1. Electrical characterisation

Upon letting water droplets of volume 60 pL impinging on the device
from 0.3 m at a volume rate Ry = 0.1 mL/s, the open circuit voltage of
the rain cell is about 30 V as shown in Fig. 5 a), whereas the short circuit
current peak is about 5 pA as seen in Fig. 5 b). The electrical power
generated is conveniently classified either through the peak or average
pulse power in each pulse as a function of external resistive load Rp.
Fig. 5 d) shows the peak power (red squares) and average power (blue
circles) of each current peak as a function of resistive load. At R, = 33
MQ, the peak power is maximum of about 250 uW, whereas the average
power in each pulse is about 40 pW.

The amount of electrical energy deposited in the resistive load can be
found by integrating the power R;, [ I2dt over one single pulse due to a
single water droplet. The electrical energy harvestable at the optimum
load is about 1 pJ. On the other hand, the potential energy of the 60 pL
drops falling from a height of 0.3 m is mg ~ 176 pJ, which means that
about 0.6% of the mechanical potential energy is transformed into
electrical energy. It is likely that the actual conversion efficiency is
higher, since not all the mechanical potential energy is transformed into
kinetic energy in the water droplets. It is also seen that while 0.6% is the
largest efficiency of the devices compared in the current work, it is still
smaller than some previous studies where precharging has been used
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Fig. 5. The open circuit voltage (a) and the short circuit current (b) when in-
dividual water droplets of volume 60 pL impinge on the rain cell from a height
of 0.3 m. In ¢), the short circuit current due to water volume rate of 2.5 mL/s is
shown. In d), the peak power (red squares) and average power (blue circles) of
each current pulse are shown as function of load resistance. The device is tilted
at an angle of about 30°. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

[74,75]. However, it should be emphasized that in the current work
none of the devices have received any particular pretreatment except
simple rinsing and cleaning in deionized water, and all the devices have
been assembled directly from prefabricated, commercially available
parts.

3.2. Current fluctuations versus volume rate

Studies have shown that increasing the volume rate from very small
to large does alter the current characteristics in a complex manner
[15,26]. An example of the short circuit current under higher flow rates
is shown in Fig. 5 c), where the same nozzle that outputted 60 pL water
droplets in Fig. 5 b) is opened entirely to allow the outlet of a laminar
stream of volume rate Ry = 2.5 mL/s from a height of 0.3 m. While the
stream is laminar right after the nozzle, instabilities cause breakup into
droplets right before the surface, and it is observed that there is great
variability in current and charge associated with each pulse.

Fig. 6 a) shows the average of short-circuit current peaks as a func-
tion of volume flow rate. At low volume rates individual droplets are
observed from the nozzle, each impinging on the FEP surface below.
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PET
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Water

Solar cell

Fig. 4. A picture of a device utilizing transparent ITO-electrodes (a), and schematic drawings of its working principle (b-d). See the text for details.
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Fig. 6. In a), the average of short-circuit current peaks is shown when indi-
vidual water droplets of volume 60 pL (black squares) and 37 pL droplets (red
circles) impinge on the rain cell from a height of 0.3 m. In b), charge transfer
rate is displayed versus tilting angle for a volume rate of 0.1 mL/s, whereas in c)
the charge transfer rate is given as a function of volume flow rate for 37 pL
droplets (red circles) and 60 pL droplets (black squares). The solid line in c) is a
fit of Eq. (1) to the experimental data. In d), the harvestable energy Er/R is
plotted as a function of volume rate, where the solid line is a linear fit to the
data at small volume rates. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Under such conditions, each current pulse is clear and separated as in
Fig. 5 b). Above 0.7 mL/s, the flow out of the nozzle becomes laminar,
and an unstable streak occurs after falling a few cm, thus causing a
fluctuating stream that breaks up into droplets at the FEP surface. It is
also observed that the current peaks start to vary more significantly.
These fluctuations are expressed through the decrease in average peak
current as well as an increase in the uncertainty (error bars) in Fig. 6 a).
It is noted that the nozzle diameter plays a role here, as with thinner
nozzles giving smaller droplets there is an earlier onset of laminar
streaming followed by fluctuating breakup near the surface. However,
these details depend much on the particular setup used, and are there-
fore outside the scope of the current work.

3.3. Influence of tilting angle

The static contact angle of a pristine FEP surface is about 110° [49],
and the surface must be tilted for droplets to move away. The output
power of photovoltaic cells is known to depend on the incident angle of
the light, and one needs to investigate whether the tilting angle of the
device with respect to the falling water does play any role also for water
drop energy harvesting. In the current work, the peak short-circuit
current did exhibit something that appears to be a peak in the angular
range between 40 and 50 , but the fluctuations were too large to allow
one to draw a clear conclusion. Also, the charge transfer demonstrated a
similar tendency, as depicted in Fig. 6 b). Here, the total charge transfer
per second (Qg) at 0.1 mL/s is found by integrating the current over a
time interval containing many pulses and then divided by the number of
pulses. It is seen that the total charge transfer rate does not exhibit a very
clear peak with angle, thus confirming the trend observed for the peak
currents. It should be pointed out that angle-dependency of the current
or charge transfer rate depends on factors such as the thickness and
roughness of the front-electrode as well as the wetting properties of the
hydrophobic film as well the front-electrode, thus making it strongly
device geometry and surface-dependent.

Despite a rather weak angle-dependency found in this study, it is
clear that the surface must be tilted for the water droplets to be removed.
Research has shown that for droplets of volume 5 pL, the critical tilting
angle to start movement down an untreated FEP surface can be as large
as 70° [15]. For 60 pL droplets this critical angle decreases to below 20°.
For a superhydrophobic, nanostructured FEP surface, the critical angle
above which small droplets start to move is much smaller, but still above
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10° for small 5 pL droplets. Thus, it might seem advantageous to use a
superhydrophobic surface. However, care should be taken, since
roughness-induced increase of the contact angle may decrease the con-
tact charge transfer [49], which therefore also reduces the voltage. Fig. 7
a) shows a finite element simulation of the water drop energy harvesting
device under open circuit potential (R—o0) performed in COMSOL 5.4
for a 3 mm diameter drop with a contact angle of about 110 with the
FEP film (blue) moving towards the front-electrode held at zero poten-
tial (red brown). The red circles in Fig. 7 b) show the corresponding open
circuit potential V. between the front-electrode and a floating electrode
placed under the FEP film. As in Fig. 5 a), V. is set to zero in absence of a
droplet. Note also that Az = 0 mm is defined as the position where the
water first comes in contact with the lower metal electrode. As the static
contact angle increases, the voltage decreases due to less electrostatic
coupling between water and FEP. The smallest coupling is expected to
occur for a static contact angle of 180 . For comparison, also the open
circuit potential in the case of a water droplet forming a contact angle of
180 is shown as black squares in Fig. 3 b). It is seen that the maximum
voltage difference in the superhydrophic case is about 9 V and occurs
when the water droplet is directly above the transition from dielectric
and conductor. In the case of 110 contact angle, the maximum voltage
difference is about 14 V and last while the droplet is contact with both
dielectric and electrode. This is qualitatively consistent with the
observed behavior of the voltages in Fig. 5 a).

The simulations of Fig. 7 suggests that there is no advantage for
electrical energy harvesting using a superhydrophobic FEP film. In fact,
smaller contact area with the hydrophobic film reduces the electrostatic
coupling. This is in line with the findings of Ref. [49], where it was
demonstrated that the charge transfer is smaller for superhydrophobic
surfaces. However, it is also known that creating superhydrophic sur-
faces using for example electron beams, could implant charge which
could improve the electrical performance. However, such effects should
be considered separately, and not be confused with superhydrophobicity
alone. In the current work the goal was to create hybrid devices
assembled from easily commercially available materials without the
need for complicated materials processing. Since one cannot create
superhydrophobic surfaces from FEP in a simple manner maintaining or
improving the surface charge density in a reliable manner, pristine FEP
surfaces were chosen.

3.4. Charge transfer versus volume rate

In Fig. 6 ¢), the total charge transfer per second (Qg) is measured as a
function of volume rate for a fixed tilting angle of 30 for nozzles
allowing either 60 pL (black boxes) or 37 pL (red circles) water droplets.
It is seen that the charge transfer rate at first increases with volume rate.
The smaller nozzle could not output volume rates beyond 0.4 mL/s, but
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Fig. 7. Finite element simulations of a water droplet sliding down the incline
while the contact angle remains static at 110 (a). In b), the open circuit po-
tential is shown as a function of displacement of the water droplet for contact
angles 110 (red circles) and 180 (black squares). The colors represent the
electrical potential at open circuit conditions, with the front-electrode grounded
and the back-electrode at floating potential. The droplet has radius 3 mm and
the surface charge density is —0.1 pC/m?. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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it is nonetheless seen that the charge transfer rate follows the same trend
for small and large droplets. Above 1 mL/s, the charge transfer rate
appears to saturate.

The saturation can be modelled using simple arguments. Initially the
charge transfer rate is determined entirely by individual droplet passing
over the front-electrode one-by-one without interaction. As the number
of droplets increase, they start to interact by forming a more or less
continuous stream and therefore partially block the charge transfer that
occurs along the direction of spreading upon impact. On the other hand,
transversal fluctuations perpendicular to the motion down the FEP
surface increase with volume rate up to a certain threshold. Assume that
the number of droplets N that can contribute to charge transfer per
volume is governed by a simple continuous rate equation, dN/dV=(Nj-
N)/Vy, where Ny is the maximum number of droplets before a contin-
uous stream occurs down the slope and V) is the maximum volume of the
droplet stream in an instant of time. Furthermore, we note that each
droplet can be associated with an average charge transfer q, such that
the total charge transfer rate is Qg = d(Nq)/dt. The maximum charge
transfer rate is then Qrg = d(Noq)/dt. It should be noted that dQr/dRy =
[d(gN)/dt]/[dV/dt] = qdN/dV and (No-N)/Vg = (Qro - Qr)/Ryo, where
Ry is the maximum volume rate before a continuous stream occurs. One
can then write the differential equation as proportional to difference
between the maximum number of droplets the dQr/dRy=(Qro-Qr)/Rvo,
which can be solved with the initial condition Qr(Qg = 0) = Qg to give

Ok = Qo | 1— ™0 @

The solid, black line in Fig. 6 c) shows a fit of Eq. (1) to the experi-
mental data with Ryp = 1 mL/s and Qgo = 0.5 pC. While this model is
rather simple, it does capture the essential observation that interactions
between droplets does play a role for charge transfer, as was also
observed in the case of devices utilizing back-electrodes only [26].

3.5. Does the droplet-generated energy scale with water volume rate?

Falling water drops have a certain kinetic energy given by the vol-
ume rate, which is converted into electrical energy using the devices
described in the current work. An interesting question is whether the
harvestable electric energy increases in the same manner as the kinetic
energy with increasing volume rate.

The water drop intensity Rgj is measured in meters per seconds or
millimeters per hour, and is defined as the volume of water filled up in a
tank per area and time. If we imagine that a tank of cross-sectional area
A is filled from empty to a water level Az in the time interval At, the
average water drop intensity is given by Rg; = Az/At. The water drop
intensity is related to the volume rate by Ry = ARgj, where the water
volume AV = AAz is generated by N droplets of the same volume V. It is
seen that Rg; = Az/At = AAz/AAt = NV;/AAt, and the water volume can
also be expressed as AV = NV; = RgjAAt. The kinetic energy of one water
drop is given by Ey ;=(1/2)p VivZ, where p is the density of water, m; = p
V;j is the mass and vt the velocity of the water drop. The total kinetic
energy of the N noninteracting water droplets is therefore given by Ej o
= NEy; = (1/2) p NViv%. Upon using NV; = RgjAAt, the total kinetic
energy of the droplets impinging per area can be expressed as

1
Ek,zur = EPV?‘RVAI‘ (2)

or in terms of the water droplet intensity Ey tot/A=(1/2) p VRgAL. Eq.
(2) is a measure of the kinetic energy associated with the water drops,
and it is clearly seen that it increases linearly with the volume rate.
Not accounting for droplet interactions, one might naively imagine
that also the harvestable electric energy should increase linearly with
volume rate. The amount of energy that can be harvested using a
resistive load can be found as described above by integrating the power
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Ry, [I?dt over a specific time interval. However, it appears that the op-
timum load changes slightly with volume rate since the impedance of
the device depends on how much water is present. Here, it is of more
interest to find out whether the harvestable energy follows a linear trend
as suggested by Eq. (2), but now for an imagined small electrical resis-
tance R. To this end, it suffices to evaluate the integral Er/R = [I3dt,
which is shown in Fig. 6 d) as a function of volume rate Ry. It should be
pointed out that Eg/R provides a measure of the energy deposited at
small resistive loads much smaller than the optimum load, not
depending much on the device impedance or water-coverage. From
Fig. 6 d) it is seen that Eg/R increases nearly linearly for small volume
rates, as indicated by the fitted solid line. However, at volume rates
exceeding 1 mL/s there is a tendency of saturation, as was also observed
for charge transfer in Fig. 6 c). but tend to saturate above 1 mL/s. The
fact that the harvestable energy no longer increases linearly with volume
rate can be related to the onset of a more densely packed erratic droplet
stream where the droplet interactions prevent the energy to be summed
up as it would with independent droplets.

3.6. Transmittance of light and photovoltaic solar cell performance

The transmittance plays a crucial role for the performance of the
photovoltaic cell, and is evaluated as a function of wavelength for a 50
pm FEP film glued with a thin layer of PDMS to ITO attached on PET in
Fig. 3 a). It is found that the transmittance is between 85% and 90% for
long wavelengths, but drops below 85% for wavelengths shorter than
500 nm. These measurements are done for normal incident light in a UV-
VIS spectrometer, and in most cases, one also need to check the solar cell
current-voltage performance with the materials mounted. The red line of
Fig. 3 b) shows the current-voltage characteristics of the photovoltaic
cell covered by FEP + PDMS + ITO + PET. Now the short circuit current
has dropped to 4.3 mA, and the ratio 4.3/5.0 = 0.86 is again in
reasonable agreement with the transmittance measurements. The cor-
responding drop in electrical power is about 0.7 mA«4V = 2400 uW,
which is about 10 times higher than the peak power produced using
from harvesting electrical energy using water droplets. Thus, the relative
power loss is smaller than in the case of the device described in Section
3.

A layer of water or water droplets on top of the FEP film influences
the performance of the photovoltaic cell through changes in the light
transmittance. Water has a refractive index of about 1.33, which means
that about 2% of the light is reflected from the air-water interface.
Moreover, water has an absorption coefficient of the order of 0.1 m™!
[79]. The thickest water layer or biggest sized water droplets would be
of the order of 1 cm, which means that about 100exp(—0.1 m~!.0.01
m) = 99.9% of the light will be transmitted through the water without
being absorbed. Moreover, since FEP has a refractive index very similar
to water (about 1.34) [15], very little light is reflected at the water-FEP
interface. The size distribution of water droplets that is incident on the
contact electrification layer might play a role for both the water-drop
energy harvested as well as the performance of the photovoltaic cell.
Small droplets at reasonably low volume rates have a tendency of
sticking to the surface, while larger droplets collide, deform and even-
tually roll off the surface. It is found that 5 pL water droplets placed on
an FEP surface will remain stationary for tilting angles as large as 70°
[15]. Larger 60 pL droplets only remain stationary for a tilting angle up
to 20°. However, also smaller droplets fixed to the surface may grow as
the influx of water continues, eventually becoming big enough to be
teared apart by gravity and therefore start to move down the incline.

An attempt to measure the size distribution of water on a 50 pm thick
FEP film after spraying it with water droplets is shown in Fig. 8 a).

In Fig. 8 b), the size of the droplets on the surface in Fig. 8 a) have
been measured (752 droplets) and presented as a histogram (blue bars).
It was checked by upon repeating the spray-on process with the same
nebulizer and distance to surface the size distribution remained about
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Fig. 8. Small droplets are sprayed on a FEP surface (a), and the size distribution
is measured (b). The dashed green line is a fit of Eq. (3) to the experimental
data. In c), the transmittance of a device covered with FEP + PDMS + ITO +
PET is shown in absence (red line) and presence (blue line) of water droplets. In
d), the current versus voltage curve for a solar cell fronted by the FEP + PDMS
+ ITO + PET rain cell and illuminated by 450 W/m? is shown in absence (red
line) and presence (blue line) of water droplets. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

the same. In Fig. 8 b), it is noted that the smallest droplets with sizes of
about 0.3-0.5 mm are most abundant, i.e. droplets of volume < 0.1 pL.
The size distribution can be well fitted with the formula that was first
used to fit the size distribution of rain droplets from stratiform precip-
itation [80,81]

N(D) = NoD?exp( — AD) 3

The dashed green line shows that the distribution in Eq. (3) provides
a reasonable fit to the data with ¢ = 1, Ny = 3300 and A = 3.3 mm~ L.

In Fig. 8 ¢), it is seen that the transmittance in measured by the
spectrometer drops from about 85% at wavelengths above 500 nm (red
line) in absence of water droplets to about 75% (blue line) in presence of
water droplets when a device comprised of FEP + PDMS + ITO + PET
corresponding to the red line in Fig. 3 a) is used. This drop in trans-
mittance can be explained by the fact that curved surfaces of the droplets
refract the almost parallel beam of light passing through the spectrom-
eter, thus causing the spectrometer apertures to block parts of the light.
In Fig. 8 d) the current versus voltage curve for a solar cell fronted by the
FEP + PDMS + ITO + PET rain cell and illuminated by 450 W/m?
halogen light is shown in absence (red line) and presence (blue line) of
water droplets. It is seen that there is no observable change in the
voltage-current characteristics by the presence of water droplets. This
may seem puzzling, as the transmittance in the spectrometer did indeed
show a significant change. However, it is explained by noting that the
rain cell is in close contact with the photovoltaic cell, which means that
most of the refracted and some of the reflected light from the water
droplets illuminates the cell. In sum, the change in illumination by the
presence of water droplets is very small when the FEP film is in close
contact with the photovoltaic cell.

It should be pointed out that the small droplets in Fig. 8 a) are stuck
at the surface, as it is difficult to obtain useful results for larger droplets
that do not stick using the methods available here. The small droplets in
Fig. 8 a) are not expected to produce significant current pulses even if
they had been able to move down the incline towards the front-
electrode. However, as the number of droplets build up with time,
they eventually become big enough to detach, and such larger droplets
may contribute to the electrical production, although not in the same
manner as the directly impacting droplets studied in Fig. 5. Instead,
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there will be a combination of rolling and sliding as studied in Refs.
[26,44,57]. Fig. 8 represents one possible situation where the entire
surface is covered by droplets of volume typically smaller than 15 pL. In
most realistic situations the water coverage will be smaller. For example,
larger droplets moving off the FEP surface might only briefly influence
the light transmittance. Since the current-voltage characteristics as well
as the transmittance spectrum require some time to be acquired, the data
are always the result of averaging. However, it is probably most useful to
evaluate such averaging data under the specific water droplet source
considered.

4. Water drop energy harvesting using curved hydrophobic film

The energy harvesting device presented in Fig. 4 has flat electrodes,
thus requiring that the surface is tilted to allow the water drops to move
off. The fact that all realistic surfaces require a tilt to clear water may
pose a problem when water droplet energy harvesting is used together
with photovoltaic cells. That is, under some circumstances it is advan-
tageous if the photovoltaic cell could point in the same direction as the
water drop comes from. With a flat design as in Fig. 4, this would
naturally lead to a pile-up of water on the hydrophobic film, thus
reducing performance.

One possible solution is to use a curved hydrophobic film in
connection with curved transparent electrodes, to allow the solar cell to
face directly upwards while at the same time providing the required
surface inclination for the droplets to move downwards. An example of a
design is shown in Fig. 9 a), where the PDMS is formed into a 3 cm
cylindrical lens on which the protected ITO electrode and FEP contact
electrification film are attached. The exposed electrode is a nickel-
coated copper wire that runs around the rim of the cell, see Fig. 9 b).
The reason for not using an ITO front-electrode was to make the device
more robust. Although the device in Fig. 4 could be used with deionized
water for weeks without any sign of degradation, it was found that
contaminated water (e.g. low pH) would wash away parts of the ITO
electrode and thus reduced the performance. Such problems were not
found to be an issue using a nickel-coated copper wire as in Fig. 1 a) and
9b), although here a disadvantage is that the wire must be placed away
from the lit area of the solar cell to avoid reduction of photovoltaic
energy.

FEP
1ITO
PDMS
mm Electrode
s Solar cell a)
1501 P ¢ Peak power ‘*With curved device
g b ¢ Average power 20 Uncovered
Z100), ¢ <
: b E 10
g 0 T 0
’//
® e ® @C) 10 —— d)
0 300 600 0 5

R, (MQ) U (V)

Fig. 9. Schematic drawing of a curved device (a), and a picture of the actual
prototype (b). In c), the peak power (red squares) and average power (blue
circles) of each current pulse are shown as function of load resistance. In d), the
current versus voltage curve is shown for the bare photovoltaic cell before
anything is attached (red line) as well as with the curved device as seen in b)
(blue line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 9 c) shows that the peak power is maximum of about 150 pW,
whereas the average power in each pulse is about 20 pW, when 60 pL
droplets are released directly on the top of the cylindrical rain cell from a
height of 0.3 m. The harvestable energy and efficiency are therefore
lower than for the flat device in Section 3. This could be related to the
fact that the front-electrode had to be placed outside the lit area of the
solar cell, where the water droplets splash of into smaller fragments
before touching the wire or otherwise not properly contributing to
charge transfer.

Another issue of concern is the electrical characteristics of the solar
cell when covered by the cylindrical PDMS lens. While one may naively
imagine that a cylindrical lens does collect more light onto the solar cell,
it is important to remember that PDMS also does scatter and absorb light
to some degree. In Fig. 8 d), the current versus voltage curve is shown for
the bare solar cell before anything is attached (red line) as well as with
the curved rain cell as seen in b) (blue line) upon illumination using
collimated halogen light of 450 W/m?2. For unknown reasons, the
commercial photovoltaic cell used here had a somewhat kinked current-
voltage performance, but it was found to be stable and reliable for a
further analysis. Before the solar cell is encapsulated in the rain cell, the
short circuit current is about 8.0 mA, but drops to 6.0 mA after encap-
sulation. This corresponds to a ratio of 6.0/8.0 = 0.75, which shows
upon comparison with Fig. 2 that the thick, cylindrical PDMS lens is
scattering or absorbing some of the light. Clearly, the average power of
0.02 mW provided by the water drop energy harvesting device cannot
compensate for the photovoltaic power loss which is two order of
magnitude larger.

5. Discussion

The performance of the water-droplet energy harvesting of the
curved device in Section 4 is better than the flat device in Section 2, but
worse than that in Section 3. However, each of the devices have their
own advantages and disadvantages. While the device in Section 3 gave
the largest droplet-induced power, the photovoltaic energy loss is larger
than that of the device in Section 2. The device in Section 4 had the
largest photovoltaic loss, most likely due to scattering from the thick
PDMS. Thus, a better optical material and a more elaborate curved
design might improve the performance and even provide efficient
focusing of light onto the photovoltaic cell. However, the device pre-
sented in Section 4 had an added advantage of avoiding pile-up of water
if the device was not tilted, thus allowing more freedom when aligning
the photovoltaic cell towards the light source.

It is important to realize that the power reported in Figs. 2, 5 and 9 is
that available before passing the signal through the processing and
storage electronics. While the losses associated therewith have not been
a topic in the current work, it is worth mentioning some related issues.
First of all, it is clear that the time-varying signal from the water-drop
energy harvester requires rectification before energy storage while
that of the photovoltaic cell does not. For this purpose, the same recti-
fication and storage system as in Ref. [26] was employed. That is, the
electrodes were connected to a bridge rectifier (DFOO5M, Fairchild
Semiconductor) and a 33 pF capacitor. If both the electrodes of the
photovoltaic cell and the water-drop energy harvester are simulta-
neously connected to the bridge, one observes that the signals are
superimposed as seen in Fig. 10 a). For t < 2 s, no water is flowing, while
for t > 2 s water droplets are hitting the FEP surface. It is seen that the
current is superimposed and therefore fluctuating with droplet arrivals,
which means that this is an inefficient method to harvest energy.
Instead, the energy from the two devices must be processed differently
before storage. The simplest approach that allows direct comparison of
the energy stored in the two devices is to use a bridge rectifier and a
capacitor to store the energy from the water drop energy harvester, and
a separate capacitor directly for the photovoltaic cell.

To illustrate how energy is stored in a 33 pF capacitor connected to
the electrodes of a photovoltaic cell, Fig. 10 b) shows the measured
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Fig. 10. In a) the current output from the bridge rectifier connected to a
photovoltaic cell (when t < 2 s) and connected to both the photovoltaic cell and
the water drop energy harvester (t > 2 s). In b) the voltage over a 33 pF
capacitor is displayed as function of time when connected to a photovoltaic cell
illuminated by sunlight of intensity 2 mW/m? (red line) or 6 mW/m? (green
line). The blue line in b) shows the voltage over the 33 pF capacitor connected
to a bridge rectifier attached to the water drop energy harvester in Fig. 4
exposed to water drops. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

voltage as function of time for sunlight-illumination of 2 mW/m? (red
line) and 6 mW/m? (green light). The sunlight intensity was controlled
by putting the whole device in a box of variable opacity with a small
opening to allow water droplets to hit the FEP surface from above in the
same manner as in Fig. 5. For comparison, the blue line in Fig. 10 b)
shows the voltage over the 33 pF capacitor connected to a bridge
rectifier attached to the water drop energy harvester used in Fig. 5 when
water drops are impacting the FEP surface through the hole in the
opaque screen. In Fig. 5, each droplet generates an electrical pulse of
average power about 40 pW. However, it should be noted that the pulses
are short and far apart, such that the average power during the entire
experiment is of the order of 0.5 pW for the optimal resistive load (Ry, =
33 MQ). In Fig. 10 b), the blue line indicates that capacitor collects
electrical energy at a rate of the order of CVdV/dt ~ 0.1 pW, which is
much smaller than what one expects using an optimal resistive load (Ry
= 33 MQ). This due to the fact that the some of the energy is lost in the
circuit (e.g. the bridge rectifier) and that that the capacitor used is not an
ideal load. Even though a more efficient energy collecting electronics
scheme can be used, there would still be losses associated with it not
directly related to the performance of the water drop energy harvesting
scheme. For this reason, it might seem more accurate to use the average
power, either per pulse or per experimental interval, as a measure of the
available power from the device. Thus, a consistent and correct manner
to list the power of such hybrid devices is as demonstrated in Figs. 2, 5
and 9.

The total power delivered by the devices considered in this work is a
sum of the contributions from the photovoltaic cell (Pygn) and the
water-drop energy harvester (Pqrop). Since the power delivered by the
latter comes in pulses due to water-drop impact, it is perhaps more
convenient to compare the average power < Pgop > associated with
drop impact. On the other hand, if the light source is not fluctuating, the
harvested power from light remains constant such that Pjjghi= <Plight > -
Note also that < Pjjgh;>=nTIA, where T is the transmittance of the water
drop harvester placed on top of the photovoltaic cell, I is the
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illumination intensity (in W/m?), A is the area and 1) is the efficiency of
the photovoltaic cell. A measure for the average power during a water
drop impact is then Pyy=<Piigh>+<Pgrop >. From Fig. 10 b) it is seen
that initially the energy deposition rate in the capacitor is similar for the
water droplet energy harvester and the photovoltaic cell if the latter is
illuminated by sunlight of intensity 2 mW,/m?. This is as expected, since
the power generated by the photovoltaic cell at I = 2 mW/m? is <
Plight>=nTIA ~ 0.1 W for = 0.044, T = 0.86 and A~ 1.5:107 m? (the
area of the photovoltaic cell in Fig. 4). It is also seen that the maximum
energy stored in the capacitor is limited by the low voltage over the
photovoltaic cell under weak illumination. The energy stored in a
capacitor due to water drop energy harvesting can be much higher since
the input voltage is much higher as seen in Fig. 5 a).

Fig. 11 shows an example of the total power as a function of illu-
mination intensity for a photovoltaic cell with efficiency n = 0.044
(4.4%) assuming an upscaled system with A = 1 m2. The blue line cor-
responds to < Pgrop>=4 pW and T = 0.96. Here it is assumed that the
average droplet-collected electrical power over the entire surface is the
same as the maximum pulse-averaged power reported in Fig. 2. It is seen
that when the illumination exceeds 0.1 mW/m? the output of the
photovoltaic cell dominates the performance. For a water-drop energy
harvester with < Pgrop>=40 yW and T = 0.86 (black line), an illumi-
nation intensity exceeding 1 mW/m?, is required for the photovoltaic
cell. If the transmittance due to the transparent electrodes is reduced to
T = 0.16, this illumination intensity increases by an order of magnitude.
Also shown is a projected case with < Pgrop>=400 pW and T = 0.96 (red-
dashed line), which also requires an illumination intensity exceeding 10
mW,/m? for the photovoltaic device to become dominating. Intensities in
the range 0.1-10 mW/m? are very low and most likely to occur in
absence of normal daylight or other strong light sources. Curves such as
those displayed in Fig. 11 can help evaluate the performance under
different circumstances, including outdoor use.

One possible application of the type of hybrid device considered in
this work is in outdoors applications in sunlight and rain. If used in rain,
the water droplet energy harvester considered here has been named a
rain cell [29]. Here, the water droplets usually come down with a size
distribution as well as a terminal velocity governed by size and wind,
thus complicating the estimates of the harvestable energy. However, it is
possible to make simple estimates. For example, the city of Bergen (the
location of the author) had an annual rain level of 3101.7 mm in 2015,
which corresponds to an average daily downpour of 0.35 mm/hour or
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Fig. 11. The total power as function of light illumination intensity for a
photovoltaic cell with = 0.044 when < Pg;op>=4 pW and T = 0.96 (blue line),
<Pgrop>=40 pW and T = 0.86 (black line), <Pgrop>=40 pW and T = 0.16
(green dashed line), and < Pgrop>=400 pW and T = 0.96 (red-dashed line). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Rgi = 9.7210® m/s. Similar high rain intensities can be found in regions
of Asia, Africa, and America. This rain intensity corresponds to the lower
end of the volume rates reported in Fig. 6. The terminal velocity depends
on the droplet size, which again depends on the rainfall intensity. It has
been found that for droplets in stagnant air at normal pressure (1 bar)
and temperature T = 20 °C the experimental data for the terminal ve-
locity is well-fitted by the following equation [29]:

vr=vo|l— 67 <%) 4

where vg = 9.43 m/s, Dp = 1.77 mm and n = 1.147. The maximum
terminal velocity is typically reached when D > 3 mm, thus suggesting
that larger droplets have a terminal velocity close to v(. The droplet size
distribution is not normally recorded in databases, but one can be
certain that most droplets fulfil D < 3 mm, and a simple estimate may
suggest vr~ 5.9 m/s if D ~ 1.5 mm upon using Eq. (4). In addition, one
has p = 1000 kg/m?> and for a year At = 31 557 600 s, which inserted in
Eq. (2) gives a kinetic energy per area of the order of 53 kJ/m? (or about
15 Wh/m?). For a household requiring about 16 MWh of electrical en-
ergy per year, an area of 16 MWh/(0.006+15 Wh/m?)~ 1.8.10% m? is
needed assuming that 0.6% of the kinetic energy of the rain is trans-
formed into electrical energy. Clearly, large areas are needed to power
such households. Even if one could increase the energy conversion to
about 10% using the recent designs of Refs. [74,75], the area needed
would remain very large and not practical feasible.

To this end, scalability is an issue that needs to be addressed if
practical applications of rain cells are to be developed. Comparing
different previous research on the type of front-electrode type water
drop energy harvesters considered here (but without the photovoltaic
cells), it appears that the electrification layer plus the front electrode
must have an extension of size of the order of the droplet size or larger in
order to generate the full charge transfer [44,47,76,78]. The droplets
impact and spread on the surface, and eventually transfer the built-up
charge into the front-electrode. If the available area is too restricted,
there will not be sufficient charge transfer. The current study has used
contact electrification areas large enough not to restrict droplet
spreading dynamics or charge transfer during impact. It was found that
photovoltaic cells with areas down to about 4 cm? would not reduce the
performance of the water droplet energy harvesting system. Putting
many cells together using the idea of a network presented in Ref. [47],
this would allow one to create a large number of individual devices that
could be put together to generate a larger amount of energy if the areas
are available.

The output electrical power from the water droplet energy harvest-
ing system investigated in the current work has relied on pure water. The
author as well as other researchers have demonstrated that the ion
concentration [20,27] as well as pH [44] may impact the amount of
electrical energy that can be harvested. Very small amounts of ions as
found in dirty rain might sometimes enhance the charge transfer, but it
might also reduce it depending on the concentration. It is known that
rain take on a typical pH values between 5 and 7, depending on whether
acidic or alkaline components are present [82,83]. As demonstrated in
Ref. [44], reducing the pH below 7 would reduce the electrical charge
transfer slightly for front-electrode systems as considered in this paper.
However, the reduction is only severe if the pH drops below 5, which is
unlikely in most scenarios of interest.

If mounted outdoors, the combined photovoltaic and water droplet
energy harvesting device provides high output energy during day with
the major contribution from the photovoltaic device. At night, in
absence of sunshine small electronic devices, e.g. turbidity sensors, CO4
or pH sensors [44,45], can be powered if there is sufficient amount of
water downpour. Thus, such combined energy harvesting devices might
have applications in environmental sensors put in remote locations
where sunlight is lacking in large parts of the day, and where batteries
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are an unwanted option for storage and backup.
6. Conclusion

The aim of this work has been to investigate a combined photovoltaic
and water droplet energy harvesting device where the latter utilizes a
transparent or hidden front-electrode. Several new findings are reported
in this article. It is demonstrated that a water drop energy harvester with
an edge-electrode reduces the solar cell output energy less than a back-
electrode. It is also demonstrated that the edge electrode provides
smaller output power per water drop than the back-electrode. These
issues must be considered when designing water energy harvesters to be
mounted on photovoltaic cells.

Different arrangements and geometries were investigated in order to
optimize the influx of light to the photovoltaic cell also in presence of
water drops. It was demonstrated that the water drop-induced charge
transfer fluctuates in a volume-rate dependent manner, thus leading to
saturation also in harvestable energy at higher volume rates. The device
reported may have outdoor applications, although considerable work on
large-scale improvements of the mechanical-to-electrical energy effi-
ciency as well as scalability is needed before this can take place.
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