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Abstract—Environmental factors that influence marine photovoltaic
(PV) systems differ considerably from those affecting overland PV systems.
The bird dropping, which is one of them, is a main cause of marine PV
power reduction. The power prediction of a PV module contaminated by
bird droppings is hard because light could pass through the bird dropping
depending on the thickness of it unlike hard shading condition. This article
shows differences between a bird-dropping shading and hard shading of
the contaminated modules, and suggests a prediction model considering a
transmittance of a bird dropping using image processing (IP). First, the
shading rate (SR), which is the PV module surface ratio covered by bird
droppings, is calculated using IP technologies. The accuracy of the SR is
verified through an experiment creating artificial hard shading on the mod-
ule using black masking tape. It has an error rate of 3% compared to our
targeted benchmark SRs. Subsequently, an equivalent step methodology,
which combines IV curves from individual cells to yield an IV curve for the
entire PV module, was adopted to predict the power. The accuracy of this
methodology is confirmed, and it showed a 5% error. However, in the case
of real bird-dropping shades, discrepancies up to 15% are observed. In this
article, the light penetration through bird droppings by a transmittance
function was considered to predict the output of modules contaminated
by the bird droppings. Errors fluctuate between 1%–20% based on the
quantification of light interferences.

Index Terms—Bird dropping, marine photovoltaics (PVs), operation and
maintenance (O&M), transmittance.

I. INTRODUCTION

With the expansion of photovoltaic (PV) installation, sites from
land to floating and building integrated environments, specialized PV
modules have been developed to fit their unique surroundings. Floating
PV system offers numerous advantages, such as land use, limiting
greenhouse effects, and providing cooling effects [1]. It is projected
that by 2025, floating PVs will generate approximately 117 965 MWh
of energy [1]. However, conventional PVs are limited in moist places
owing to various factors. The moisture conditions accelerate the module
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degradation rates by transmitting vapor [2], [3], [4]. Water contamina-
tion occurs in FPV systems because of the leaching of Pb and other
materials [5]. To address these challenges, advancements in PV modules
have been made. For encapsulation, polyolefin elastomer can be used
as an alternative to ethylene vinyl acetate owing to its reduced vapor
transmission [3], [6]. Moreover, there are development in Pb-free PV
options, such as lead-free perovskite PV and bus bars [7], [8].

Moreover, their applications can extend to marine environments,
going beyond traditional settings with typical moisture levels found in
dams, lakes, and reservoirs [1], [9]. Unlike freshwater environments,
marine conditions pose their own challenges that must be solved [4],
[9]. The challenges involve salty environments, wind and wave loads,
and bird droppings. Salty environments are related to the long-term
operation and maintenance (O&M) of marine PV, and the potentially
induced degradation is accelerated by salty mist [10]. Salt crystals can
be produced at the PV surface and decrease PV power and efficiency
[11]. Wind and wave loads affect the mechanical systems of marine
PV system. These loads can lead to microcracks and dealignments, and
increase the costs of marine PV systems [4], [12], [13]. The shading
effects of bird droppings are a major threat to marine PV operation. In
some cases, seagulls and migratory birds use marine PV sites as their
shelters. In terms of a PV maintenance, the impact of bird droppings
immediately shows up as a reduction in power, whereas impacts of salty
and mechanical loads take a relatively longer time to appear. Also, the
bird dropping is mostly composed of a uric acid, which damages to a
PV mechanical system [14].

Soiling loss is a main source of power loss due to shading. An
experiment taken at Málaga University reported that maximum 15%
and annually 6% of power reduction was measured owing to dirt soiling
[15]. The transmittance of the soiling is an important parameter owing to
the possibility of light penetration. Each soiling material has a different
transmittance tendency. For instance, dry sand and glass result in an
11% degradation in transmittance, while dry bird droppings cause 54%
degradation [16]. To model soiling as a form of soft shading, local
dust properties and the relationship between transmittance and dust
accumulation can simply be used [17]. Furthermore, the soiling loss
has different tendencies depending on the region because salt particles
can increase the cementation process [18]. Moisture can strengthen the
adhesion of soiling particles, potentially leading to the formation of
a strong crust [19]. The floating PV system is vulnerable to the crust
because it is hard to be removed. The crust could also be formed by
bird droppings resulting in additional power loss.

Bird droppings have a different transmittance and shading tendency
compared to other types of depositions [16], [20]. For example, the
degree of PV power loss varies depending on the tilt angle, as bird
droppings may flow differently across the PV surface [20]. A power
reduction could reach up to 23.8%, and the light transmittance of
bird-dropping shades varies depending on the tilt angles [20]. A field
test described that power reduction was correlated with the surface
area of bird droppings [21]. Generalizing the power loss is challenging
because the amount of deposition and its transmittance properties
are hard to be quantified in experimental environments. This article
aims to analyze and quantitatively assess the impact of severe bird
droppings on power production in the context of O&M of a marine PV
system.
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In this article, a method to generalize soiling loss due to bird
droppings was proposed using image processing (IP) techniques. IP
is widely used in the PV O&M field, particularly for PV fault de-
tection, soiling analyses, and various PV applications. Mainly, image
conversion to black-and-white, image thresholding, and color detection
techniques are used. Additionally, thermal infrared images were also
utilized by IP for PV fault detection because most faults influence the
homogeneity of the temperature in PV. For example, hot spots in PV
modules could be estimated by a thermal image thresholding [22]. An
edge detection could be adapted to fault detection [23], [24]. Also, IP
could be utilized for a maintenance of a PV system. For instance, IP
can be effectively used to determine a reconfiguration of PV array by
calculating a shading rate (SR) and increase the maximum power by
15% [25]. IP with a principle component analysis can be utilized to
judge solar tracker faults [26].

IP techniques also facilitated an SR calculation of a soiling material.
Image thresholding is universally used to calculate SR because it has
a prominent calculation performance [27]. A PV clean cycle could be
decided through a nonuniformity and estimation of dust concentration
using IP [28]. Soiling concentration could be estimated by a neural
network through a module image [29]. And the calculated soiling
concentration is correlated with its transmittance [30]. In the field, it
is totally impossible to get a soiling concentration value, so grayscale
was used to solve the problem. Also, the SR or soiling level of dust
could only be analyzed through IP. As floating and marine PVs are
increasing worldwide, studies of the impact of bird droppings are
needed. At present, there is a lack of sufficient studies that investigate
both the transmittance of bird droppings and power prediction. This
article describes those parts.

In this article, power predictions for PV module affected by bird
droppings were conducted using the Bishop split (BS) model, which
is a model that the illumination effects were applied to breakdown
mechanisms [31]. The transmittance curve of bird droppings based on
the grayscale was considered in this analysis. This article contributes
to the following points.

1) A power comparison between the “hard shading” and bird-
dropping shading is numerically described depending on SR.

2) Transmittances of bird-dropping samples are measured.
3) A function of transmittances and grayscales is proposed utilizing

a black-and-white image.
4) Power prediction for modules covered by “soft shading” in aspect

of optics is proposed.
The rest of this article is organized as follows. Section II introduces

an IP method for the SR and its results. In Section III, the analyses of
shaded PV outputs with calculated SR are presented. In Section IV, the
transmittance of bird dropping shades are detected and a supplemental
method for bird droppings is suggested. Finally, Section V concludes
this article.

II. SHADING RATE CALCULATED VIA IMAGE PROCESSING

This section describes the calculation process of SR using IP tech-
niques, such as grayscale images and image thresholding. Although
the images might contain noise factors, such as light reflection and
resolution discrepancies, they were not considered severely in this
article. IP was implanted by Python on Google CoLabs.

The test module and its equivalent circuit are illustrated in Fig. 1. The
test module was custom-made for the marine environment by SHIN-
SUNG E&G Co. The module shown in Fig. 1(a) is shingled, and its
STC properties are listed in Table I, where Voc denotes the open-circuit
voltage, Isc denotes the short-circuit current, PSTC denotes the power
at STC, and FF denotes the fill-factor. The test module has four bypass

Fig. 1. Test module. (a) Entire module image. (b) Equivalent circuit.

TABLE I
STC PROPERTIES OF A TEST MODULE

Fig. 2. Flow chart of the image processing for SR calculation.

diodes, as shown in Fig. 1(b). Each bypass diode section contained 108
cutting cells, 6 parallel connections, and 18 series connections.

A. Methodology

All module images used in this article were captured using the rear
camera of the mobile phone, Galaxy Note 10 plus, which has a 12-mega
pixel resolution. Then, they were edited to match their module size. The
experiments were conducted at the laboratory located in the Chungbuk
Technopark Next Generation Energy Center. Fig. 2 presents a flowchart
of the IP used in this article. IP was performed in two categories:
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Fig. 3. Raw module images with artificial shades: (a) A1, (b) A2, (c) A3,
(d) A4, and (e) A5.

distinguishing cell regions and SR computations. In this article, SR
is defined as the ratio of the surface covered by bird droppings to the
entire surface, as described in (1). Abd denotes a surface covered by
bird droppings and AT denotes an entire surface. In both of categories,
converting images to black-and-white and image thresholding were
performed. Image thresholding is the process of separating grayscale
based on a specific value and is conducted using the Otsu’s method
[32]

SR = Abd/AT . (1)

B. Distinguishing Artificial Shades

Artificial shades were first used in the IP model. Artificial shades
were made by a black masking tape in the test module and consisted of
five cases, depicted in Fig. 3. The black tape was attached by checking a
location and size of the cutting cell. Fig. 4 shows the results of the image
thresholding of the artificial shades. The red boundaries in Fig. 4 depict
the thresholding results for the artificial shades. Owing to external light
sources, many noises, such as light reflections, appear, as shown in
Fig. 4. This noise must be eliminated from the actual field.

Table II displays the outcomes of the SR analysis conducted both
with and without noise. This analysis was conducted by translating the
thresholding results into SR, on a cell-by-cell basis. The calculated SRs
are derived from values within the red boundaries, excluding any noise.
The derived SRs were then cross-validated by comparing them with
targeted benchmarks. For instance, in comparing with Fig. 6(a), where
only one cell was entirely shaded, the calculated SR is compared to the
targeted SR matrix, [100,0,0,0, …,0]. As a result, the mean absolute
percentage error corresponded to 0.05% and the root mean square error

Fig. 4. Image thresholding results of artificial shades: (a) A1, (b) A2, (c) A3,
(d) A4, and (e) A5.

TABLE II
ANALYSIS OF ARTIFICIAL SHADING RATES

(RMSE) was 0.79%. Hence, the IP model can approximate the SR with
an accuracy within 3% without light noise.

C. Distinguishing Bird Droppings

Given that the artificial shades were fabricated using black masking
tapes, distinguishing them from the module surface became challeng-
ing, especially when compared with light reflections. Fig. 5 shows raw
module images contaminated by bird droppings. Unlike the artificial
shades, bird droppings are more discernible due to their brighter colors
relative to the module surface. Fig. 6 illustrates the results of image
thresholding for shades due to bird droppings. The modules depicted in
Fig. 6 was positioned in a marine environment, in Saemangeum, South
Korea (35.7◦N 126.5◦E). It is reported that 453 698 of birds inhabited
in the installation site at 2009 [33]. Considering the orientation of these
modules, traces of bird droppings were detected running from the top
to the bottom.

Table III lists the calculated SR depending on the bypass diode
sections (Fig. 1) and the total SR. The modules generally had a total
SR between 24% and 33%, although their specific trial patterns were
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Fig. 5. Raw module images with bird-dropping shades: (a) M1, (b) M2, (c)
M3, (d) M4, (e) M5, and (f) M6.

TABLE III
ANALYSIS OF BIRD-DROPPING SHADING RATES

different. M1 has bird-dropping shades of 16.61%, 5.68%, 40.02%, and
36.09%, depending on the bypass diode sections. M1–M5 exhibited
similar bird-dropping trails; the bird droppings are concentrated in the
lower part of the module (#3 and #4 bypass diode sections). In contrast,
M6 had concentrated bird droppings in the upper part of the module(#1
and #2 bypass diode sections).

III. POWER PREDICTION MODEL AND APPLICATION

PV power prediction is performed using the SRs calculated in the
previous section. Power prediction was performed by computing the
maximum power in the IV curve. The power prediction was performed
using MATLAB 2022b.

Fig. 6. Image thresholding results of bird-dropping shades: (a) M1, (b) M2,
(c) M3, (d) M4, (e) M5, and (f) M6.

Fig. 7. Equivalent circuit of a Bishop split model.

A. Model Description

Power prediction of a shaded PV module must consider the operation
of its bypass diodes for the power prediction accuracy. The bypass
diodes triggered by the reverse bias voltages of shaded cells offer more
power [34], [35], [36]. PV modules must include two or more bypass
diodes to minimize power reduction due to shades. In this article, the
operations of these bypass diodes were modeled by drawing IV curves
from the cell units.

IV curves of shaded PV cells were drawn using the BS model.
Specifically, BS is the Bishop model that applies illumination effects
to breakdown mechanisms [31]. BS divides a PV cell into shaded and
nonshaded region. Its equivalent circuit is shown in Fig. 7, and its
associated equations range from (2) to (6). Isun, Il,sun, Rs,sun, and
Rsh,sun denote the operating current, leakage current, series resistance,
and parallel resistance of the nonshaded region in BS, respectively.
Similarly, Ish, Il,sh, Rs,sh, and Rsh,sh denote the operating current,
leakage current, series resistance, and parallel resistance, respectively,
of the shaded region of BS. Specifically, asun and ash determine the rates
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of ohmic current, and bsun and bsh are avalanche breakdown exponents.
Iph,sun, Io, VT, and n represent the photocurrent in the unshaded region,
saturation current, thermal voltage, and ideality factor, respectively. I
and V denote the total operating voltage and current of the BS

Isun = Iph,sun − Io

{
exp

(
V + IsunRs,sun

nVT

)
− 1

}
− Il,sun (2)

Ish = − Io

{
exp

(
V + IshRs,sh

nVT

)
− 1

}
− Il,sh (3)

Il,sun= −
(
V + IsunRs,sun

Rsh,sun

){
1+asun

(
1− V + IsunRs,sun

Vbr,sun

)−bsun
}

(4)

Il,sh = −
(
V + IshRs,sh

Rsh,sh

){
1 + ash

(
1 − V + IsunRs,sh

Vbr,sh

)−bsh
}

(5)

I = Isun + Ish. (6)

Series and parallel resistances were used separately according to the
shaded region. Splitting each resistance from the STC is performed
using (7)–(10) [31]. AT denotes the cut cell size, Asun denotes the
nonshaded region in a cutting cell, and Ash denotes the shaded region
in a cutting cell. Rs and Rsh denote the series and parallel resistances
under the STC. Given that Rs and Rsh were not measured (see Table I),
the values of Rs and Rsh were fitted using the STC

Rs,sun = Rs · AT

Asun
(7)

Rsh,sun = Rsh · AT

Asun
(8)

Rs,sh = Rs · AT

Ash
(9)

Rsh,sh = Rsh · AT

Ash
. (10)

Io is modeled by Voc and Isc, as shown in (11) [37]. Voc,o and Iph
are the initial open-circuit voltage and photocurrent, respectively, when
fully unshaded. In this article, it is assumed that Isc is the same as Iph,
and the shading effects of Voc and Iph,sun are considered as shown in
as follows [38]:

Io =
Isc

exp (Voc/nVT )− 1
(11)

Voc = Voc,o + nVT · ln (1 − SR) (12)

Iph,sun = Iph · (1 − SR) ≈ Isc · (1 − SR) . (13)

Table IV shows parameter values used in this article. AT was calcu-
lated by dividing the number of cut cells by the entire module size. A
breakdown voltage (Vbr,shade) has generally between −20 and −30 V
in a monocrystalline Si PV [39]. The values of asun, ash, bsun, bsh, and
Vbr,sun were obtained from a previous article [31].

B. Power Prediction of Artificial and Bird-Dropping Shades

Fig. 8 shows a flowchart of the IV curve modeling. The SR and
IV curves for each cell were calculated using the IP and BS model.
Then, an IV curve of a PV module is calculated via “equivalence”
steps. Equivalence operates differently depending on whether the circuit

TABLE IV
VALUES OF MODEL PARAMETERS

Fig. 8. Flow chart of the IV curve modeling.

TABLE V
ANALYSIS OF ARTIFICIAL SHADE POWER PREDICTION

structure is in series or parallel. In the case of a series connection, the
series cells are equalized to a single cell by combining the operating
voltages of each cell at a certain current level. In parallel connections,
parallel cells are equalized to a single cell by combining the operating
current of each cell at a certain voltage level.

Fig. 9 shows IV curves of the artificial shades resulting from the
prediction model. The simulated curves traced the measured curves
well, however, a mismatch occurred when the current was low. This
mismatch could be attributed to the weakness of one diode model; the
recombination loss was not adequately considered [40].

Table V describes the numerical analysis (maximum power) of Fig. 9
depending on the case. The errors are greater than those of the IP model
(see Table II), but within 5%.

Fig. 10 shows the IV curves of the bird-dropping shades. The
simulated curves exhibit similar trends to the measured curves but
relatively low values. Although the model works well in the artificial
shade, a current of almost 1–2 A was underestimated in bird droppings.

Table VI presents the numerical analysis of Fig. 10 depending on
the case. The maximum power of each case had a consistently lower
value than the measured value, almost 10%–40% lower. Given that
the power prediction model assumes a hard shading, it can predict the
maximum power well in artificial shades. However, in the case of bird
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Fig. 9. IV curve results of artificial shades: (a) no shade, (b) A1, (c) A2,
(d) A3, (e) A4, and (f) A5.

Fig. 10. IV curve results of bird-dropping shades: (a) M1, (b) M2, (c) M3,
(d) M4, (e) M5, and (f) M6.

TABLE VI
ANALYSIS OF BIRD-DROPPING POWER PREDICTION

Fig. 11. Examples of one cell shaded by bird droppings: (a) 25% shaded,
(b) 50% shaded, (c) 75% shaded, and (d) 100% shaded.

droppings, the results show that there is some photoelectric effect in
the bird-dropping shade.

IV. PROPOSED MODEL FOR BIRD DROPPINGS

This section describes a supplementary process for understanding
the properties of bird-dropping shades. First, analyses of bird-dropping
shades, such as transmittance and power comparisons with hard shad-
ing, were conducted. This article proposes a method for predicting the
maximum power of modules contaminated by bird droppings based on
following analyses.

A. Transmittance Property of Bird-Dropping Shades

In the previous section, consistent errors were observed in the
bird-dropping results, indicating the need to consider soft shading. To
confirm that the bird-dropping shades are “soft-shading,” we tested
the variation in PV output between hard shading and bird droppings.
Fig. 11 illustrates instances of a cell affected by bird-dropping shades.
The shades mimicking bird droppings were created using a real bird-
dropping solution. The solution is made by water (80 g) and solid bird
droppings (40 g). Bird-dropping territories are divided by a double-
sided tape, respectively, 25%, 50%, 75%, and 100% of a cell size.



IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 14, NO. 3, MAY 2024 563

Fig. 12. Normalized power depending on the shading rate and type.

Because the bird dropping is composed of water-solubility materials
and nonwater-solubility materials, a sediment must be existed in the
solution. Although we stirred up the solution before pouring, the later-
made bird-dropping patterns are largely influenced by the sediment.
For comparison, hard-shading patterns, fabricated using black masking
tape, were applied to identical areas where the simulated bird-dropping
shades were present.

The power of the shaded cell for both bird droppings and hard shading
was measured under the STC. Fig. 12 shows a comparison of the PV
output depending on the SR and type. Based on the STC output of
one cell, the normalized power of hard shading was proportional to the
SRs of 77.87%, 52.05%, 29.59%, and 3.27%. Because light could pass
through edges of the hard-shading pattens, higher power rates appear
than SRs. However, in the case of bird droppings, larger outputs were
measured at 96.56%, 89.44%, 76.61%, and 43.76%. Although a clear
distinction between the dense bird-dropping regions and the shallow
bird-dropping regions is observed in Fig. 11, a power deviation of
approximately 40% is observed. In Fig. 11(d), the whole surface is
covered by dense bird droppings, while the others have very shallow
bird-dropping regions, and these regions could cause higher power
generation due to light penetration. However, Fig. 11(d) has almost
40% of a STC power despite the overall dense bird droppings. These
results indicate that light can pass through the shade created by bird
droppings and generate more power.

The transmittance of various bird-dropping samples relative to the
transmittance of a low-iron glass was tested to identify a correlation
between the transmittance and thickness of bird droppings. Fig. 13(a)
shows examples of low-iron glass covered with bird droppings, black
tape, and without any covering. Owing to a black back sheet, a degree
of thickness could be indirectly figured in case of the bird droppings.
The left side of lower one seems to have the shallowest bird droppings.
The left side of upper one seems to have the second shallowest and
others are hard to judge. The dimensions of low-iron glass sheets were
50 mm × 50 mm × 3 mm. The red boundaries in Fig. 13(a)
represent transmittance measurement areas using Solid Spec-3700i,
SHIMADZU. Transmittances are measured from 280 to 1100 nm and
are shown in Fig. 13(b), where the blue lines and red lines represent the
left and right axes, respectively. Definitely, bird droppings have different
transmittances depending on their thickness and distributional patterns.

The transmittance can be calculated using (14) based on the transmit-
tance as a function of wavelength. TW denotes the total transmittance
of the sample, and t denotes the transmittance function as a function

Fig. 13. Transmittance analyses by wavelengths: (a) measurement regions and
(b) measured transmittances depending on the measurement regions.

of wavelength. Whole transmittances in Fig. 13(a) are 9.50%, 5.86%,
4.89%, 1.57%, 0.11%, 0.04%, and 0.00%. These transmittances are
values considering both bird-droppings and low-iron glass. To solely
account for bird droppings, the total transmittance is divided by the total
transmittance of the low-iron glass, as shown in (15). TR denotes a total
transmittance unaffected by the low-iron glass and Tlow iron denotes
the total transmittance of the low-iron glass. The transmittance of the
low-iron glass is also measured by the same device. The unaffected
transmittances in Fig. 13(a) are 10.98%, 6.77%, 5.65%, 1.81%, 0.13%,
0.05%, and 0.00%. Hence, there is a clear occurrence of light pene-
tration, and the subsequent step involves modeling this phenomenon

TW =
1

1100 − 280

∫ 1100 nm

280 nm
t (λ) dλ (14)

TR = TW /

(
Tlow iron

100

)
. (15)

B. Transmittance Depending on Grayscale

Transmittance is affected by various factors, such as the thickness and
color of the material, and particle size. A supplementary analysis that
considers all factors is difficult to model. Setting sensors to measure
these factors creates an unnecessary budget for O&M. Also, a slight
change of thickness could cause a large change of a transmittance.
Therefore, we focused on the color of bird droppings, especially on
gray scale, because the color of bird droppings is separated by the color
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Fig. 14. Supplement analyses of a bird dropping image: (a) color conversion
image from the gray image, and (b) image histogram of the gray image.

TABLE VII
COLOR CONVERSIONS BASED ON GRAYSCALE

of the module surface. If the bird drop is shallow, then the color of
the module surface can pass through it. This implies that these regions
exhibit relatively low grayscale in a black-and-white image. Conversely,
if the bird-dropping thickness is large, the color of the module surface
cannot pass through the bird droppings. This implies that these regions
have a relatively large grayscale in the black-and-white images. Thus,
we use the grayscale as a thickness of a bird dropping to utilize a
relationship between a thickness and a transmittance.

Fig. 14(a) shows a color conversion image depending on the values of
the grayscale used to identify the aforementioned statements. A rule of
the color conversion is based on image histogram of the original image
[Fig. 13(a)], when external light sources are minimized, and described
in Table VII. Fig. 14(b) shows the image histogram. We determined
that the grayscale region of the bird droppings is between 80 and 170,

Fig. 15. Transmittance curve when light noise is minimized.

as shown in Fig. 14(b). The step size of the color conversion was set to
10. As a result, the high transmittance regions due to the shallow bird
dropping have lower gray scale (darker) than the low transmittance
regions.

The sky-blue boundary regions excluding “H” in Fig. 14(a) are
same regions with the transmittance measurement regions, and the
red boundary regions in Fig. 13(a). The “H” region is a transmittance
measurement region of a low-iron glass. The averaged grayscales of the
regions in Fig. 14(a) are 96.83, 101.42, 101.85, 126.67, 155.81, 158.02,
23.355, and 15.55. Compared to the total transmittances, a proportional
relationship is observed except for “G.”

We assumed that the relationship between the grayscale and trans-
mittance of bird droppings was sigmoid. Fig. 15 shows the dependence
of the transmittance curve on the grayscale fitted by a sigmoid function.
An equation of the curve is expressed in (16); Tr denotes transmittance
with a percent unit, αt and βp denote fitting parameters, and γN

denotes a light noise parameter which implies external light sources.
Physically, αt means a transmittance gradient based on the grayscale
and βp means a starting point of bird droppings in grayscale without
light noises. If a value ofαt is big, the transmittance curve has a gradual
curve, which means a transition of grayscale could bring relatively
small change of transmittance. Conversely, if a value of αt is small,
the transmittance curve has a gradual curve which means a transition
of grayscale could bring relatively large change of transmittance. γN

means a parallel translation of the transmittance curve by external light
sources. Thus, a sum of βp and γN indicates a general starting point of
bird droppings in grayscale in an image, which corresponds to 78.2 in
Fig.14(b)

Tr =
100

(1 + exp(αt · (G− (βp + γN )))
. (16)

C. Proposed Model and Power Prediction

Until now, we assumed that an additional photocurrent was generated
in bird-dropping shades by penetrating light and verified that the PV
output was larger in bird-dropping shades than that in hard shading. To
model this phenomenon, the transmittance curve was used as the ratio
of the photocurrent in the shaded region. Fig. 16 shows the equivalent
circuit of the proposed BS. The difference in the proposed BS reflects
the soft-shading effect. Iph,sh denotes the photocurrent in the shaded
region. Iph,sh was calculated using (17), and the operating current of
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Fig. 16. Equivalent circuit of a proposed model.

Fig. 17. Image histograms of the modules shaded by bird droppings.

the shaded region is modified using

Iph,sh = Iph · SR · Tr

100
(17)

Ish = Iph,sh − Io

{
exp

(
V + IshRs,sh

nVT

)
− 1

}
− Il,sh. (18)

The outputs of the contaminated modules were calculated using
a transmittance curve. When the transmittance curve in Fig. 15 is
calculated, γN assumes 0 because external light sources are minimized.
However, the modules of Fig. 5 have external light sources on the
upper sides of the modules, and we must consider diverse values of
γN. This article does not present a method to quantify the effects of
light sources, γN, but rather simply determines a value of γN using an
image histogram.

Fig. 17 shows the image histograms of the gray images of Fig. 5.
It can be observed that the starting points of bird droppings on the
grayscale are located between 150 and 180. The values are larger than
Fig. 14(b) because of external light sources. In this article, the value of
the starting points of bird droppings is simply assumed as 160. However,
some errors in γN should be expected depending on images due to
performance differences of a camera.

Additionally, the position of the light source could lead to discor-
dance in the light noise depending on the cell region. If an equal amount
of light is projected in front of the module, the discordance should be
neglected. However, the position of the light source is not ideal, and
its effect (the discordance) varies depending on the position. Fig. 18
shows the average values of the grayscales in the nonshaded region.
Fig. 18(a) presents a vertical analysis of the grayscale. Given that the
top regions are near the light sources, the gray scale has a higher value
than other regions. Furthermore, the gap is observed up to 30. The

Fig. 18. Averaged grayscales in the nonshaded areas: (a) from top to bottom,
and (b) from left to right.

grayscale decreased further away from the light sources. However,
the grayscale rebounds near the bottom because of the light reflection
from the white floor. Fig. 18(b) presents a horizontal analysis of the
grayscales. We can identify the positions of external lights where the
grayscales are heightened. The lights were positioned on both the left
and right sides; notably, the light on the left influenced M1 to M5, while
the light on the right had a substantial impact on M6. Consequently,
Fig. 18 illustrates the variance in light noises depending on the location
of the light sources. The transmittance curve should be applied variably
influenced by the position of light.

Variations in light noise are applied by a correction value, as shown
in (19). CN denotes a correction value that eliminates variations in light
noises depending on the location of the lights. A calculation of CN is
divided into two parts. First, we calculated the averaged grayscale in
nonshaded areas according to cell regions; we obtained 432 values of
the averaged gray scales. The CN was then calculated by subtracting
the minimum value from the averaged grayscales. Fig. 19 shows the
results of CN calculations based on the cell regions. The upper areas
of the modules in Fig. 19 have larger CN than those in other areas
because of their proximity to the light sources. The lower areas also
had relatively larger CN because of light reflection from the white floor.
Consequently, while CN generally ranged from a minimum value of 0
to a typical maximum of 30–40.
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Fig. 19. Value of CN with respect to cell regions: (a) M1, (b) M2, (c) M3,
(d) M4, (e) M5, and (f) M6.

Also, some distortion values caused by undivided bird droppings
exist. Undivided bird droppings occurs when bird droppings are too
shallow to be separated by the image thresholding, and appears near
the sorted bird droppings. The CN data in Fig. 19 have the distortion.
“M1” to “M5” have sporadic distortions, but “M6” has a massive
distortion region depending on the bird-dropping shades. This distortion
would lead a transmittance and prediction overestimation, described in
a following paragraph:

Tr =
100

(1 + exp(αt · (G− (βp + γN − CN )))
. (19)

Now, we predict the output of a module contaminated with bird
droppings by considering the transmittances of bird droppings and light
noise. The power predictions through the proposed model were taken
identically shown in Fig. 8. The IV curves of the proposed model are
shown in Fig. 20. The red lines represent the results of BS model,
the black dotted lines represent the measured data, and the blue lines

Fig. 20. IV curves of the proposed model: (a) M1, (b) M2, (c) M3, (d) M4,
(e) M5, and (f) M6.

represent the results of the proposed model. In particular, the IV curves
in the low-current regions were improved.

RMSE between IV curves is calculated to determine the similarity
of the results to the measured value. RMSE is computed by deviations
between the measured current and calculated current in the PV opera-
tional region (V > 0 and I > 0). If RMSE is relatively large, it means
that the calculated IV curve is quite different with the measured one.
Conversely, if RMSE is relatively low, it means that the calculated IV
curve is similar with the measured one.

For M1, the RMSE values are 1.6206 A for BS model and 1.1303 A
for the proposed model. Similarly, for M2, the RMSEs are 1.3411 and
0.6039 A for the BS and proposed models, respectively. M3’s RMSE is
1.1152 A in BS model, contrasting with 0.5451 A in the proposed
model. M4’s values are 1.2656 A for the BS model and 0.6350 A
for the proposed model, and M5’s values correspond to 1.3091 A for
the BS model against 0.6901 A for the proposed model. Although the
prediction model is imperfect, the mismatch of IV curves and power
prediction have improved by applying “soft shading.”

However, M6 deviates slightly with an RMSE of 0.8929 A in the BS
model, increasing to 1.0161 A in the proposed model, caused by the
overestimated current at a high-voltage region (35–48 V). A reason for
the overestimation is the large Iph,sh, which means that an excessive
photocurrent is generated in the shaded region. We could find that “M6”
had a huge bird dropping in one bypass section, see Fig. 5(f). This
bird dropping causes a distortion of CN, CN denotes a positional light
noise deviation based on the minimum, and leads to the prediction
overestimation.

Table VIII describes a numerical analysis of Fig. 20 depending
on cases. In all instances, the APE was lower than that of the BS
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TABLE VIII
MAXIMUM POWER ANALYSIS OF THE PROPOSED MODEL

Fig. 21. IV curves of “M1.”

model. Specifically, M1 experienced an 18.89% reduction in APE.
Furthermore, M2, M3, M4, and M5 observed decreases in APE by
11.91%, 17.13%, 32.55%, and 10.25%, respectively. While M6 saw a
substantial 33.83% decline in APE, it differed in its maximum power
point.

V. CONCLUSION

This article analyzes the soft-shading properties of bird droppings
and suggests a method to predict the output of a module contaminated
by bird droppings. To identify the properties of bird droppings, we tested
the transmittance of bird droppings with various samples and compared
the bird-dropping shading with hard shading. A maximum of 10% of
light penetrated the bird-dropping samples, and power differences of
up to 40% were confirmed. This article proposes a power prediction
method using the relationship between the grayscale and transmittance.
The transmittance curve is fitted by the sigmoid function, and the
proposed model is based on the BS. Despite the absence of light noise
quantification, the proposed model offers better predictions for the
outputs of modules affected by bird droppings compared to the BS
model.

A problem of soiling is converted to optics (grayscale) from an en-
vironmental aspect (soiling accumulation). However, in future articles,
following points should be considered. First, we assumed the same
starting point (a sum of βp and γN) of bird droppings to be a fixed
value of 160 in all of the contaminated modules. However, this value
varies based on camera performance and composition, and it is evident
that each module picture has the different value. For example, the
bird-dropping regions in the grayscale differ slightly in Fig. 17. In case
of “M1,” a value of 169 is optimal as the maximum power corresponds
to 167.26 W and RMSE of an IV curve corresponds 0.7958 A. Fig. 21

describes the result. “Proposed 160” denotes the result of the proposed
model with the value (a sum of βp and γN) of 160, and “Proposed 169”
denotes the result of the proposed model with the value of 169. Thus,
although surroundings of an experiment are identical, instantaneous
differences of camera performances can cause a transition of the value
by up to 10, and should be quantified.

Second, this article complements variable light noise based on the
grayscale of the nonshaded regions, CN. However, a change in the
grayscale in nonshaded regions is not equal to a change in the grayscale
in shaded regions by external lights. This effect was most noticeable for
M6 (Fig. 20). Because the positional light noise term had not generally
defined, we used the grayscale of the nonshaded region for quantifying
the light noise. Then, the power prediction is affected by the abnormal
values, shown in Fig. 19. If a change in the grayscale owing to light
source is generally quantified, then drawing an IV curve would be
more accurate.

Third, some supplements are required before they are applied in
practice. For example, moving light sources (sunlight) can generate
time-varying light noise. The quantification and formulation of the time-
variant light noise are required.

Finally, other soiling materials, such as dirt, could be adapted in the
prediction model, especially in the transmittance curve. This article only
analyzed the bird-dropping shades because it is the most remarkable
hindrance of the marine modules. If other soiling samples are made, the
analyses would be simply done with the described steps in this article.
Also, except for the material type, the transmittance is also affected
depending on a state of the material, such as water content [16]. Those
factors would be analyzed in a view of the transmittance curve for
better accuracy. Then, the transmittance curve could be significantly
improved, and this article just propose a basic design.

A Marine environment, which covers almost 70% of the Earth’s
surface, is an important solution with respect to the lack of land
availability. The greenhouse effect has caused rising sea levels, and
some countries have insufficient land for installing PV systems. Marine
PV systems can effectively address these problems. This article could
provide a foundation for marine PV O&M by analyzing bird droppings.
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