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Accurate Soiling Ratio Determination With
Incident Angle Modifier for PV Modules
Pramod Nepal , Marc Korevaar , Hesan Ziar , Olindo Isabella , and Miro Zeman

Abstract—The deposition of dust, soil, and microfibers resulting
from the surroundings, as well as the growth of minute pollens
like moss and fungi, contributes toward photovoltaic (PV) mod-
ule soiling. Soiling is a widely recognized factor that significantly
reduces the power production by acting as a barrier for effective
light absorption by the module. The estimated loss in the irradi-
ance and power can be determined with the help of a soiling ratio
(SR) parameter, which is the ratio of the short-circuit current (Isc )
or the maximum power produced (Pmax ) by a soiled module to a
clean one. The measured SR is normally not constant throughout
a day but changes with the position of the Sun and the amount
of dust on the module. This paper proposes an empirical equation
to determine the SR at any instant of time of the day based on
the Sun’s angle of incidence on the module and a single SR value
measured at the mid of the day. First, an indoor experiment was
done to examine the angular loss dependence of two totally differ-
ent dust colors for the same SR at normal light incidence. Next,
in an outdoor experiment, the SR of an artificially soiled module
was measured over the course of the day for three conditions of
high, medium, and low daily average irradiance due to variation
in cloudiness. Then, an empirical equation is introduced based on
an incident angle modifier for soiled and cleaned PV modules. The
proposed equation was further used to determine the SR. Finally,
the average residuals between the measured and the modeled SRs
were determined with the help of root-mean-square deviation. The
results showed that the modeled SR was determined with a devia-
tion of ±0.21% and ±0.28%, respectively, for high- and medium-
irradiance days, whereas the deviation increased to ±1.04% in the
case of low irradiance due to clouds.

Index Terms—Angle of incidence (AOI), angular loss (AL), in-
cident angle modifier (IAM), module soiling, photovoltaic (PV)
module, soiling ratio (SR), solar power generation, transmission
loss (tloss ).

I. INTRODUCTION

THE technological advancement in the field has resulted in
photovoltaic (PV) technology becoming one of the lead-

ing renewable energy sources currently available. The annual
growth of PV installations was reported to be 40% from 2010
to 2016 [1]. Despite this outstanding growth, the performance
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ratio of PV systems has been greatly influenced due to various
environmental factors, such as non-uniform irradiance, wind,
rain, module temperature, and soiling.

The accumulation of dust, sand, and biological deposits like
the growth of algae, moss or bird droppings, and air pollution
is categorized as PV module soiling [2]. It directly obstructs
the irradiation falling on the module by forming a thin layer of
dust, usually less than 10 μm [3]. The module soiling is consid-
ered to be the third major environmental factor after irradiation
and temperature, which directly accounts for lower performance
statistics of a PV system [4]. The soiling of PV modules ma-
jorly depends on two factors: 1) installation design of the PV
plant such as tracking mechanisms, tilt, and orientation; and 2)
local environmental conditions such as atmospheric dust inten-
sity, relative humidity, wind, and rainfall [5]. Therefore, dust
accumulation is a result of the rate of deposition and the rate
of removal by the wind and rain event [6]. Thus, based on the
location and dust type, the soiling losses might vary. Experi-
ments carried out at different parts of the world suggest that
the losses may vary anywhere between 0.1% per day and 20%
per day based on the location and rain events [7], [8]. Several
experiments also suggested that the average soiling loss in the
Middle East regions were more severe compared with other
parts of the world [3]. In Egypt, an experiment was performed
on 100 different glass samples installed at different tilt angles
and azimuth orientations for eight months; the cell at an angle
of 45° facing south resulted in a reduction of output power by
17.4% per month [9]. Rainfall event acts as a natural cleaning
for the soiled modules. Around 5 mm of rainfall was noticed to
completely clean the module in the Arizona region [10].

Besides the location and environmental conditions, module’s
properties also possess a significant influence on soil deposition.
Depending on a PV module’s glazing surface and orientation,
it is subjected to two types of the angle of incidence (AOI) in-
fluences, namely mechanical and optical [11]. The mechanical
response is associated with its tilt and orientation and the light
source. Based on the AOI, solar radiation is de-rated by a co-
sine of the angle between the surface normal and the Sun’s angle
commonly known as “cosine effect” [12]. On the other hand, the
optical effect is due to the surface properties of the module. A
module with an anti-reflective surface coating is more resilient
toward the effect of the AOI than without [11]. Higher AOI
increases reflectance losses, thus reducing the amount of solar
beam that can be utilized by the module [13]. Several incident
angle modifier (IAM) methods, such as Physical, ASHRAE,
Sandia, and Martin & Ruiz, have been developed to calculate
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Fig. 1. Indoor experimental setup consisting of a light source, two multime-
ters, a mini PV module, and a circular scale supported by an aluminum bar.
Instantaneous module temperature of the soiled and clean module was mea-
sured by a 10-kΩ temperature measuring sensor (thermistor, NTC), applied at
the back of the module. Two multimeters were used to measure the short-circuit
current (Isc ) and the thermistor resistance at each AOI interval.

the optical losses of irradiation due to reflection at the module
surface. In 1983, Wilson and Ross found that the cell surface is
highly influenced by the surface texture and soling level because
of both Fresnel reflection and soil shadowing [14]. A study car-
ried out in Malaga, Spain, has resulted in the fact that the relative
irradiance loss of a solar cell increased the AOI of the Sun [7],
whereas John et al. [15] found that the density of soil signifi-
cantly lowers its critical AOI of the module, suggesting higher
reflection losses compared with clean. Similarly, Martin and
Ruiz have gone one step further and characterized the angular
losses (ALs) in different module technologies with the help of an
outdoor experiment. The experimental and modeled data were
used to define a dimensionless parameter called “angular loss
coefficient” (ar ) [16]. The optical response of the PV module
is a surface characteristic; therefore, solar irradiance is highly
influenced due to the presence of the soiling.

In this paper, a mini PV module was tested indoor for two soil
colors at the same SR to compare their AL at different AOIs.
Next, a commercial-scale module was tested outdoor under two
soiling conditions to estimate (ar ) and subsequently the AL.
The artificial soiling technique was carried out with the help of
a soiling chamber and a spray gun also demonstrated in the work
of [17] and [18]. Then, after introducing the soiling ratio (SR)
model, the SR curves were constructed with the help of calcu-
lated ALs and a single SR measurement done at solar noon for
three different scenarios of high-, medium-, and low-irradiance
conditions due to different levels of cloudiness. Finally, the mea-
sured SR curve was compared with the modeled SR (SRmodel)
by calculating the root-mean-square deviation (RMSD).

II. METHODOLOGY

A. Indoor Measurement Setup

An incandescent light of 2000 W (Arrilite 2000) was used as a
constant light source. A mini-monocrystalline silicon module of
2Wp was vertically kept at 1.5 m from the light source, where the
irradiance intensity was 1000 W/m2. The module was supported
on a flexible arrangement to allow for movement along two axes,
i.e., 0–360° on the horizontal axis and 0–60° for the vertical an-
gle. The experiments were carried out in a dark room to avoid
the influence of other lights in the proximity. For each experi-

Fig. 2. Wooden–aluminum chamber (1660 × 1000 × 900 mm3) (left) and the
paint gun (600 cc) used for soiling (right). The chamber has a small opening at
the top (pointed by a blue arrow) that provides a space for the gun filled with
the soiling mixture. A pressure hose was connected at the bottom of the paint
gun at 1.5 bar to provide enough pressure for soiling.

ment, the module was rotated carefully from –90° to 90° with
10° interval measured with a 360° circular scale at the bottom
of the module. The entire experimental setup is shown in Fig. 1.

Two dust samples (produced by KSL Staubtechnik GmbH)
mainly characterized by their color were taken for the experi-
ment. Arizona Test Dust (ARIZ-TD (Quartz (SiO2))) has light-
brown color, whereas Prüf-staub (P-030KS16) is black. Two
soiling mixtures were prepared by suspending 1.5 g of each
dust with 20 ml of deionized water. An equal amount of 8 ml
(∼0.0029 g/cm2) of each soiling mixture was applied on the
module with the help of an air gun at an air pressure of 1 bar
from a distance of 25 cm (pointing horizontally on a flat lying
module). Isc and module temperature was measured again to
examine the differences in the SR at each AOI of the light.

B. Outdoor Measurement Setup

The experiment was carried out using a rooftop PV setup in-
stalled at the height of 16 m from the ground at Kipp & Zonen
BV, Delft, The Netherlands. Two polycrystalline silicon mod-
ules (CS6K-270P produced by Canadian solar) installed at a
tilt angle of 30° facing south (182°) with an identical mounting
mechanism were chosen. One of the modules was uniformly
soiled, while the other was kept clean to make a compari-
son. A soiling mixture was prepared by suspending the Grand
Canyon test dust (Eisenoxid-Fe2O3 , KSL-312) produced by
KSL Staubtechnik GmbH with deionized water in 1:10 ratio. To
facilitate a homogeneous soiling process by reducing the wind
effects, a wooden–aluminum chamber was also built, which can
be seen in Fig. 2. The chamber was placed carefully on top of
the PV module to be soiled. Finally, module soiling was carried
out in twofolds, first light soiling, SR = 93.2% (tloss = 6.8%)
and then after additional soiling, SR = 86.9% (tloss = 13.1%)
with the help of a paint gun at an air pressure of 1.5 bar from a
distance of 1 m (pointed vertically).

An instantaneous short-circuit current (Isc) from both the
modules was recorded by measuring its voltage drop (VD ) over a
10-m-long Technischer Überwachungsverein (TÜV) Rheinland
approved solar cable with a resistance (Rsc) of 63 mΩ (the
accuracy of the multimeter to measure the cable resistance is
(0.2% of reading ± 1 reading) ± 0.126 mΩ [19]). The minute
average voltage drop from both modules was logged into a
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Fig. 3. Circuit diagram representing the short-circuiting technique of clean
and soiled modules. In the figure, Rsc is a low shunt resistor (63 mΩ) identical
for both modules. Voltage drop (VD ) was converted into the Isc by dividing it
with the value of the shunt resistor (Rsc ); then, the SR was calculated using the
obtained ISC values.

Campbell Scientific CR6 data logger with an average sampling
time of 5 s. A schematic diagram for module short-circuiting
and SR calculation is represented in Fig. 3.

Instantaneous irradiance was recorded every minute with the
help of CMP-21 pyranometer by Kipp & Zonen installed at
the plane of array. Minutely average temperatures of soiled and
cleaned modules were also measured using two temperatures
sensors (negative temperature coefficient (NTC) thermistor of
10 kΩ) applied at the backside of each module. The experimental
setup consisting of cleaned and artificially soiled modules is
presented in Fig. 4.

C. Soiling Ratio Calculation

The SR is defined as the ratio of irradiance utilized by a
soiled (Gs) to a cleaned module (Gc) to produce the corre-
sponding short-circuit current (Isc,s and Isc,c) or power [20].
Using the translation method explained in IEC-60891, the mea-
sured short-circuit currents (Isc,s′ and Isc,c′ ) were subjected to
temperature correction to account for net irradiance loss only
due to soiling [see (1)]. A temperature coefficient (0.053%/°C)
mentioned in the datasheet of the PV module was considered
for temperature correction [21]. The short-circuit current of
the two co-planar modules was normalized with the help of
calibration factors when both modules were clean and at the
reference temperature (25 °C) condition. The duplicated mod-
ules were used for calibration to account for manufacturing de-
fects, differences in the cable resistance, or any other abnormal
behavior that might lead to varying current and power produc-
tion at an identical condition. The expanded SR equation with
calibration values and the translation method for temperature
correction can be written as [20], [22]

SR =
GS

GC
=

ISC ,S

ISC ,C
=

ISC ,S ′ (1 − α (Tm,S − Tref ))
ISC ,C ′ (1 − α (Tm,C − Tref ))

× CC

CS

(1)

tloss = 1 − SR. (2)

In (1), Isc,s′ and Isc,c ′ are measured short-circuit currents from
soiled and cleaned modules, respectively, whereas Isc,s and Isc,c

Fig. 4. Experimental setup for SR measurement represented by two co-planar
modules in the front row, whereas the rear row represents a duplicate set of
modules to later validate the measured data. The experiment was conducted on
August 27, 2017 from 10:57 to 17:07. The voltage drop from the modules was
recorded with the help of a CR6 data logger placed inside a metal box (at the
back of the modules).

are short-circuit currents after temperature correction. Similarly,
α is the temperature coefficient, while Cc and Cs are calibration
constants for cleaned and soiled modules, respectively, which
were computed by comparing the short-circuit currents of
both the modules. Similarly, Tm ,s and Tm ,c are the measured
temperature of soiled and cleaned PV modules, respectively,
whereas Tref is the temperature of the module when the ambient
temperature is 25 °C. tloss in (2) is the transmission loss due to
the presence of soiling. The following SR calculation was per-
formed for three days characterized by their average irradiances
(due to different levels of cloudiness) throughout that day: high
irradiance (758 W/m2), medium irradiance (559 W/m2), and
low irradiance (276 W/m2). In this experiment, the SR was
calculated from the short-circuit method; however, it should
be noted that the SR could also be estimated by the maximum
power point method, which might give a slightly different result.

D. Photovoltaic Module Angular Losses

ALs for PV modules are generally calculated referencing a
normal incidence of radiation at either cleaned or soiled condi-
tion [23]. The complement to the unity of ALs is known as the
angular factor (fIα ) [24]. The angular factor at any AOI repre-
sents the relative optical response of a module for that angle. The
experimental value of the angular factor (fIα ) (for an arbitrary
AOI of θ) can be obtained as the ratio of the cosine-corrected
short-circuit current at the angle θ (Isc |θ ) to the short-circuit
current at normal incidence (Isc |θ=0°) represented as [24]

fIα =
ISC(θ)

ISC |θ=0◦ cos θ
. (3)

The optical response of any module with or without anti-
reflective coatings can be determined with the help of an ana-
lytical equation presented as follows [24]:

AL(θ) = 1 −
1 − exp

(
−cos θ

ar

)

1 − exp
(

−1
ar

) (4)

IAM(θ) = 1 − AL(θ) (5)
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Fig. 5. Measured SR values for Prüf-staub dust and Arizona Test Dust for
–90° to +90° AOI. At normal incidence (θ = 0°), the SR value for Prüf-staub
represented by blue circles is 76.9%, whereas for Arizona Test Dust represented
as red star, it was around 76.5%. This value for Arizona Test Dust was achieved
by depositing additional amount of the dust and measuring the Isc till the value
was reached.

where ar is a dimensionless parameter known as the AL coeffi-
cient, which depends on a particular PV module technology or
the front cover [24]. For every AOI of the Sun (θ) and a fixed ar

value, the AL in a PV module is determined by (4). In [23], the
analytical model [see (4)] was found to accurately describe the
ALs of all analyzed PV configurations with a high value of de-
termination coefficients (R2). Equation (5) represents the IAM,
which is the complement for ALs with a maximum of 1 and a
minimum of 0. It signifies the degree of module performance for
any AOI of light with a maximum value when the lowest AOI is
0 (perpendicular light incidence). For our calculations, the gen-
erated short-circuit currents from each module were first scaled
up by linear translation after module temperature correction to
the same reference irradiance as it was during solar noon. Then,
the angular factor (fIα ) in (3) was determined for different AOIs
of the Sun and different levels of soiling. The calculated angular
factors at each soiling level were further plugged into (4) to
determine the AL factor (ar ) at an AOI of 5°, 10°, 15°, 20°,
25°, and 30°. Finally, an average ar value was again substituted
into (4) and (5) to calculate the IAM of the module at every AOI
from 0° to 90°.

III. RESULTS AND DISCUSSION

In this section, the results of the indoor and outdoor exper-
iments have been discussed. First, the measured SRs for two
dust colors at different AOIs of the artificial light source were
plotted together. Next, the SR measured from outdoor setup was
plotted for a course of a day. Then, the ALs as a function of the
SR and the AOI were calculated. Finally, using the empirical
equation proposed in this paper, the SR over the day has been
determined and compared under three irradiance conditions.

A. Indoor Soiling Ratio

The measured short-circuit current at different AOIs was
temperature corrected to calculate the SR using (1). The SR
measured at normal incidence (θ = 0°) for the soil type of
Prüf-staub (black) was 76.9%, whereas for Arizona Test Dust
(light-brown), it was 87%. The higher light absorption nature
of the black dust might be the reason behind larger transmission
loss. Next, the attenuation of SR values at different AOIs was

Fig. 6. Measured SR on August 27, 2017 for a high-irradiance day
(758 W/m2). The SR during morning and evening periods is significantly lower
compared with the mid of the day. Solar noon on this day was noticed at 13:45,
which represents the SR value of 86.9%.

compared. To do this, Arizona Test Dust was deposited 1.72
times than previous (∼0.005 g/cm2) to reach the same SR
value at normal incidence as it was given by Prüf-staub dust
(∼76.9%). The SR of Arizona Test Dust and Prüf-staub dust at
each AOI is presented in Fig. 5.

Apart from few outliers at a larger AOI, no significant differ-
ence in the SR value was noticed between Prüf-staub (black) and
1.72-times-deposited Arizona Test Dust (light-brown) dust. The
ALs, and consequently SR, for two types of dusts were almost
the same for every AOI. The results also suggest that any dust
color with the same SR for AOI = 0 possess a similar SR at all
AOIs. Therefore, ALs and hence SR do not depend on the dust
color, but only on the amount of the dust (g/cm2) deposited on
the module. This result can be further validated from the work
of [13], where the soiling loss pattern in two different modules
at the same soil density or SR was found to be similar at every
AOI of the light source.

B. Outdoor Soiling Ratio

The SRs were measured for a shade-free window of around
5.5 h from 10:57 to 16:30 on each day to avoid partial shading
on the PV modules caused by nearby objects. Fig. 6 represents a
high-irradiance day, which showed that the SR was not constant
throughout the day but changed with the position of the Sun.
The SR was seen to be the highest during mid of the day [±1 h
from 13:45 (solar noon)] fluctuating between 86.5% and 87%.
Therefore, the overall transmission loss in the soiled module
was estimated to be around 13–13.5% using (2). During morn-
ing and the evening time, it reached the lowest value due to a
larger AOI of the Sun. At a larger AOI, the dust on the mod-
ule is believed to cast larger shadow resulting in higher losses
compared with midday. The SR was also seen to be varying by
around ± 1% even during the midday. This was probably be-
cause of the dynamic shading on the modules caused by passing
clouds. Fig. 6–8 show the result of SR measurements for high-,
medium-, and low-irradiance conditions, respectively.

This characteristics nature of a soiled module’s dependence
on the AOI of the light can also be noticed from the indoor
SR experiment in Fig. 5. For the larger AOI, SR values were
smaller, while they increased and reached the maximum as the
light source was perpendicular to the module’s surface. The
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Fig. 7. Measured SR on August 23, 2017 for a medium-irradiance day
(559 W/m2). The SR pattern is similar as in Fig. 6 with some additional SR fluc-
tuations. The value of the SR at the solar noon was 87.5%, which is higher than
for a high-irradiance day. This is probably due to additional deposition of the
atmospheric dust in-between those four days (August 23–24, 2017), resulting
into lower SR (higher losses).

Fig. 8. Measured SR on August 24, 2017 for a low-irradiance day (276 W/m2).
The SR pattern cannot be clearly observed due to higher amount of SR fluctua-
tions at cloudy condition. The value of SR at the solar noon was 86%.

results from both experiments confirm the presence of angular
dependencs of a soiled module over a day.

C. Angular Losses on the Module

The measured short-circuit currents of the clean and soiled
modules in the outdoor measurement setup were also used to
determine the ALs on the PV modules. To do so, every minute
Sun’s altitude was calculated with respect to the module’s az-
imuth (182°) for each day. On the solar noon of 11th of July, the
solar zenith angle (SZA) was observed to be 60°, and the Sun’s
rays were exactly perpendicular with respect to the modules.
The SZA on 27th of August was 68°; therefore, modules were
already suffering from ALs even at mid of that day due to its
fixed tilt. For our range of interest between 10:57 and 16:30, the
light on the module was mainly due to the direct component of
the solar irradiance with a little influence of shading and diffuse
solar irradiance. The angular factor (fIα ) was calculated for three
different soiling levels: clean (SR = 100%), medium soiled (SR
= 93.2%), and heavy soiled (SR = 86.9%). It was then used to
calculate the AL factor (ar ) at each case using (4). The graph
shown in Fig. 9 represents the IAM for the three SRs.

Here, the x-axis represents the AOI of the Sun on the module,
which is the difference between Sun’s altitude at the mid of
the day (when maximum) and at any time. The AL coefficient
(ar ) was found to be the lowest for the cleaned module at 0.17

Fig. 9. IAM calculated for three module conditions, namely, clean represented
by the blue curve, the SR of 93.2% represented by the red curve, and the SR of
86.9% represented by the yellow curve. The IAM was calculated from –45° to
+45° at an interval of 1° based on the Sun’s position on August 27, 2017. The
arrow points out the increasing pattern of the AL and the AL coefficient (ar ) as a
function of the SR due to soiling. The AOI in the graph represents the difference
in Sun’s altitude when maximum and at any time t on August 27, 2017.

Fig. 10. Increasing trend of the AL coefficient ar with increasing soiling
loss (decreasing SR) on the module. Three different soiling conditions were
SR = 100% representing clean condition, SR = 93.2%, and SR = 86.9%. The
data points are fitted to fifth-order polynomial equation on MATLAB. The R
coefficient represents the goodness of the fit. The coefficient for the clean module
is 0.17, which agrees with the experiment carried out by Martı́n et al. [16].

represented by the top-most blue curve, while it increased and
reached 0.34 at an SR of 86.9%. The pattern of increasing ar

associates with the increase in ALs with decreasing SR (increas-
ing tloss). A thorough comparison of ar at increasing soling loss
(decreasing SR) has been presented in Fig. 10.

Comparing the IAM for the cleaned and soiled modules at the
same AOI helps understand the detrimental effect of soiling on
PV modules. The AL of a cleaned module for 30° was 0.0018,
while for the soiled module, the losses increased to 0.0164, i.e.,
9.12 times larger. The IAM curve for the soiled and cleaned
modules was used to model the SR pattern throughout the day,
as shown in the next section.

D. Soiling Ratio Modeling Based on Angular Losses

The SR over the course of the day, as described in
Section III-B, will be now modeled with the help of the cal-
culated ALs and the single midday SR value (SRmidday ) of
86.9%. The ratio of the IAM for the soiled and cleaned mod-
ules at each AOI from Fig. 9 was multiplied by the midday SR
(86.9%) value using the following empirical equation:

SRmodel =
IAMS (θ)
IAMC (θ)

× SRmidday = IAMratio(θ)× SRmidday

(6)
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Fig. 11. Comparison of the measured SR values with the modeled values. The
blue circles represent the measured SR values in Fig. 6, whereas the smooth
red line represents the modeled SR values obtained from empirical equation
(6). Here, the x-axis represents the position of the Sun on August 27, 2017.
The two ends of the graph (–30° and +30°) signify morning and evening times,
respectively. The AOI in the graph represents the difference in Sun’s altitude
when maximum and at any time t on August 27, 2017.

where IAMs(θ) and IAMc(θ) are the IAM of the soiled (SR =
86.9%) and the cleaned module, respectively. In (1), it can be
seen that the SR is the ratio of the soiled and cleaned modules;
thus, the IAMratio in (6) has been presented as the ratio of
the IAM associated with the soiled module (IAMs) to that of
the cleaned module (IAMc). After modeling SR (SRmodel) for
each AOI for 27th of August, the red curve shown in Fig. 11
was resulted and plotted along with the measured SR values for
comparison.

From a visual inspection, the modeled curve (blue) closely
seems to follow the pattern of the measured curve (red). The
modeled SR represented by the red curve is much smoother
compared with the measured SR because the irradiance fluctua-
tions were not considered in SR modeling. Again, for modeled
values at a larger solar angle, the module ALs were also high.
Both curves show the AOI dependence of a soiled module.

E. Deviation Between Measured and Modeled SRs

An error or residual calculation represents the average devia-
tion of the modeled value compared with an actual or observed
value [25]. This estimation facilitates the quantification of the
difference between the experiment and the model. To measure
the accuracy of the proposed model [see (6)], RMSD will be cal-
culated for each point of the modeled and the measured SR data
[26]. For the high-irradiance day, there were 334 data events
representing each minute resulting in a mean squared error of
0.0458%. Thus, RMSD between the measured and the modeled
dataset was then found to be ±0.21%. This means the proposed
model predicted the measured with a variance of ±0.21%. The
error associated with medium- and low-irradiance situations
was also estimated in the same way. A comparison for each
irradiance condition has been summarized in Table I.

The results indicate that for the low-irradiance condition,
the degree of deviation is higher, at around ±1%. This was
most likely due to a constant AOI of the diffuse irradiance
from the clouds resulting in a larger amplitude of the deviation.
However, during the day with an adequate amount of light, the
residual errors were quite low at around ±0.2% and ±0.28%.
These results suggest that the model predicts the SR very well

TABLE I
RMSD UNDER THREE IRRADIANCE CONDITIONS

during sufficient irradiance condition, while it is less accurate on
cloudy days.

IV. CONCLUSION

The SR from the short-circuit current method has been chosen
to determine the SR over the course of a day. The SR has
been found to be influenced by the AOI of the Sun. Morning
and evening times corresponded to a higher degree of module
ALs than around solar noon. The angular dependence of the
SR of a soiled module has been found to be independent of
the dust color used for the identical SR. An analytical model
developed by Martin and Ruiz was followed to characterize
the AL coefficient (ar ) at different SR conditions, and it was
found to increase with the soiling level. The soiled and cleaned
PV modules had AL coefficient (ar ) values of 0.34 and 0.17,
respectively, for a high-irradiance day (average irradiance of
758 W/m2). It has also been noticed that the presence of the
dust on the module attenuated the IAM, therefore decreasing
the transmittance of irradiance compared with the cleaned PV
module. The proposed empirical equation based on the IAM and
a single midday SR measurement was found to have accurate
prediction of ±0.21% for a sunny day, whereas the deviation
was higher for cloudy conditions. The SR was found to be
influenced due to the presence of the clouds, thus increasing
the RMSD. The cloudy conditions result in light coming from a
diffuse sky, resulting in a constant AOI over the day. This results
in a less good fit of the model with the measured. No significant
difference in the angular dependence of SR measured for two
different dust colors shows the possible validity of the proposed
empirical equation for any location irrespective of the local dust.
This can be further investigated in the future research studies.
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[26] G. Piñeiro, S. Perelman, J. P. Guerschman, and J. M. Paruelo, “How to
evaluate models: Observed vs. predicted or predicted vs. observed?” Ecol.
Model., vol. 216, nos. 3/4, pp. 316–322, 2008.

Pramod Nepal received the B.Tech. degree from the
National Institute of Technology Warangal, Waran-
gal, India, in 2014, and the M.Sc. degree in sustain-
able energy technology from the Delft University of
Technology, Delft, The Netherlands, in 2018.

He is currently a Solar Designer, working on com-
plete end-to-end system design, energy prediction,
and performance analysis. During his M.Sc. thesis,
he majorly worked toward energy losses in the PV
module due to module soiling. This involved ana-
lyzing the physical and chemical nature of the dust

samples, artificial soiling procedure, behavior of the soiled module with time,
and quantification of transmission and energy loss in PV modules.

Marc Korevaar received the Ph.D. degree in physics
(working on scintillation detectors) from the Delft
University of Technology, Delft, The Netherlands, in
2013.

He is a Scientist with the Research & Develop-
ment Department, Kipp & Zonen, Delft, where he
is involved in the development of new detectors,
their calibration, and radiometry. Kipp & Zonen is
a leading manufacturer of measurement instruments
for meteorology and solar energy. He has ten years
of experience in (optical) detector physics.

Hesan Ziar received the Ph.D. degree in electrical
engineering from the University of Tehran, Tehran,
Iran, in 2017, for probability-based research on pho-
tovoltaic modules and systems.

Since then, he has been a Researcher with the Pho-
tovoltaic Materials and Devices Group, Delft Uni-
versity of Technology, Delft, The Netherlands. He
has collaborated with several companies and research
institutes within consortiums and research projects
in Europe and Middle East. His research interests
include photovoltaic systems and applications, re-

newable energy systems, power electronic converters, probability, and optical
studies.

Olindo Isabella received the Ph.D. degree (cum
laude) in light management in thin-film silicon so-
lar cells from the Delft University of Technology,
Delft, The Netherlands, in 2013.

Between 2013 and 2017, he was an Assistant Pro-
fessor with the Photovoltaic Materials and Devices
Group, Delft University of Technology. In October
2017, he became an Associate Professor with the
same group, where he supervises optoelectrical de-
vice modeling activities, novel concepts of light man-
agement, development of high-efficiency solar cells

based on crystalline silicon and thin-film silicon technologies, and advanced
power modeling for custom photovoltaic systems.

Miro Zeman received the Ph.D. degree (cum laude)
in amorphous silicon from the Slovak University of
Technology, Bratislava, Slovakia, in 1989.

In 2009, he became a Full Professor with the Delft
University of Technology, Delft, The Netherlands,
where he leads the Photovoltaic Materials and De-
vices Group and is the Head of the Electrical Sus-
tainable Energy Department. He is a leading expert
in light management, modeling, and development and
application of novel materials and nanostructures in
silicon-based solar cells.

Authorized licensed use limited to: TU Delft Library. Downloaded on October 09,2020 at 07:24:36 UTC from IEEE Xplore.  Restrictions apply. 

http://www.ise.fraunhofer.de
http://www.kippzonen.com


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


