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Abstract—The study of the effect of soiling on photovoltaic (PV)
system performance is a crucial issue judging from numerous
research publications. The reduction in the PV system performance
is because of soiling that differs from one climatic region to another.
In this research, the power losses due to soiling of the PV systems in
Malaysia based on the calculation of a dirt derating factor (fairt)
were determined. A new mathematical model to correlate fg;.¢
and the PV module area was developed based on the regression
analysis from a site data location. The findings indicate that the
effect of soiling reduces the PV systems output power at an average
0f 26.22 % at Setiu over a period of 12 months. From this study also,
a new mathematical model was created for fg;, forecasting in the
research site. Uniquely, this mathematical model can do the pre-
diction by only known PV module area or size as the independent
variable, much simpler than using the multivariables equation.

Index Terms—Loss, mathematical model, performance, PV
system, soiling.

1. INTRODUCTION

OLAR energy is one of the most promising renewable
S energy resources. In order to harvest the energy from solar
radiation, photovoltaic (PV) systems have been developed as
the medium of energy conversion. The PV modules are respon-
sible to convert solar irradiance (solar energy) into electrical
energy. Hence, the module needs to be placed outdoors, which
will expose it to the either natural or urbanized environment.
In this condition, it will be affected by environmental factors
that may reduce its output and reliability. The factors such as
fluctuation of global irradiance, adverse weather conditions,
local air pollution, ambient temperature, and soiling will affect
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Fig. 1.

Soiled PV array under the atmospheric condition [5].

the output of the PV system [1]-[4]. Soiling or settlement of
dust on PV module’s surface is a very common issue that affects
the PV module output directly. Fig. 1 indicates a serious soiling
phenomenon of a PV array under the atmospheric condition. In
this figure, the PV module is almost covered by soiling.
Soiling is formed from the accumulation of dust over a sur-
face. Dust particles from the air, usually carried by the wind
[1], [4], [6]-[8], will settle on any surface due to gravitation.
These particles will settle down and their density will keep
increasing over time with the addition of other airborne dust
particles settling in the same place. Hence, this will create a dust
layer or “soiling.” The presence of soiling reduces the absorption
of irradiation for electricity conversion. Thus, this will reduce
the energy output and the overall performance of the PV system.
This problem needs to be considered prior to and after the
installation of the PV system since it impacts upon the return
of investment for the owner, investor, or the user. Therefore,
this research is undertaken to address the significant problem
of soiling. The intention is to study the impact of soiling on
a PV system’s performance in a highly humid tropical country,
Malaysia (as referred to Koppen—Geiger’s world maps of climate
classification [9]), where the issue of soiling is not being paid
enough attention and where comprehensive study is lacking.
In the perspective of soiling, previous studies focused on the
estimation of the impact of soiling on PV systems by comparing
the PV system’s yield when the PV module is clean and when
the PV module is dusty [10]-[12]. And most of the studies
are performed in temperate and arid climate regions where the
seasonal changes are predictable, allocating the meteorological
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Fig. 2.  Factors affecting the dust accumulation [1].

or seasonal variability study on the impact of soiling [10],
[13], [14]. However, the Malaysian climate is also unique and
apparently different from the other, mainly arid, regions where
most PV systems have been installed.

Although Malaysia is located in the equatorial and tropical
zone, the weather can be unpredictable. This is mostly influenced
by the flow of monsoon winds [15] from the northeast and the
southwest part of the country. Rain and dry periods alternate
on each other regardless of time. This makes the Malaysian
climate unique when compared to other tropical countries that
have notable and predictable seasonal changes, such as Thailand,
Myanmar, and Indonesia [16].

This study calculated the dirt derating factor of the selected
PV system in Malaysia and quantified its yield reduction due to
soiling over a one-year period through a PV system output power
data observation. This study also developed a mathematical
model of dirt derating factor versus PV module area to determine
the correlation between them. Hopefully, the findings from this
research will provide useful information for the PV generator
plant owners, industrial players, or other researchers who are
considering the deployment of a PV system, the maintenance
planning, and the forecasting of a PV system’s output with regard
to soiling in the Malaysian climate.

II. SOILING ORIGIN AND ITS IMPACT ON THE PV
MODULE’S PERFORMANCE

Soiling occurs from the accumulation of dust that settles on
a surface. Dust on the hand is a term commonly applied to
solid particles having diameter less than 500 pm [1]. Factors
influencing dust settlement on PV modules are represented in a
framework by Mani and Pillai [1] in Fig. 2.

In review articles [1], [3], [6], and [17], lots of researchers
have proven that soiling problem significantly degrades the PV
system performance and the degree of degradation severity is
site dependent. From these reviews, it can be seen that most of
soiling studies were performed in countries with extreme dry
and wet seasons where the soiling effect on the PV system’s
performance can be observed clearly. However, there are very
few published studies available on the effect of soiling under
tropical climates such as Malaysia that have high humidity, and
mixed wet and dry weather throughout the year, as mentioned
by Sulaiman et al. [18]. Therefore, this study is performed to
estimate the soiling loss from a commercial PV system in a
fully humid tropical climate region in Malaysia.
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III. DIRT DERATING FACTOR

In estimating the output power or yield of a PV system, there
are other factors to be considered (PV module efficiency, inverter
efficiency, and cable loss) as it may affect the yield. Usually in
an estimation equation for PV system’s output power or energy,
these factors are included together as other variables or just
constants. In an example given in [19], the estimation equation
used is

EPV =A X Esun XNpv X Niny X gcable (1)

where Fpy is the estimated PV system’s energy yield, A is the
area of the PV module, and Fj,, is daily solar irradiation. The
multiplication of both parameters determines the amount of PV
system’s energy yield. Meanwhile, npv, 7inv, and Ecaple, Which
are the efficiency of PV module, efficiency of inverter, and cable
loss, respectively, are other factors in per unit value that affects
the energy yield (Apy X Esun). They can also be presented in
percentage value by multiplying the per unit value with 100.
These derating factors are included in this equation as a concern
on the reduction of the PV system’s yielded energy caused by
any of them. If there are more derating factors to be added in, it
can also be included in (1).

Therefore, considering the atmospheric condition, the heat
absorbed by the PV module and soiling that reduces the output
energy of a PV system can also be included in (1). Equation (1)
can be rewritten as

Epy = APV X Egun ¥ npv X Niny X gcable X ftemp X fdirt

2)
where fiemp is the module heating derating factor due to heat
absorbed and fq;,¢ is dirt derating factor due to soiling effect. In
most cases, fqiyt 1S an estimated value gain from (2). By knowing
the other parameters value in (2), fqirt can be calculated. From
a study in [20]-[22], fqirt is described as an empirically derived
factor to indicate the reduction of PV system performance due
to soiling.

Other than that, the estimation of fq;,+ can also be performed
by comparing the energy yield or output of a PV system for the
cleaned PV module condition and the dusty module condition.
This has been carried out in the studies in [20], [21], [23]-[26].
In these studies, the estimation of fg;;¢ is done through the
monitoring and output power or energy yield record of the
following.

1) PV system on a certain period where the PV modules
were left unclean and dusty. And they recorded it again
for another period when the PV modules were regularly
cleaned.

2) PV system on a certain dry period without rain. And they
recorded it again during the rainy season where the PV
modules were naturally cleaned.

3) Twoidentical PV systems on the same observation period.
One of them was cleanly maintained, whereas the other
was left dusty.

The difference between PV modules yield found within the
record of the cleaned PV modules condition and the dusty PV
modules condition was observed, and from these, fqix was
estimated.
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Fig. 3. Research tasks during on site’s PV system’s performance monitoring.

In the literature source, there are several more studies per-
formed in the interest related to fq;,¢. However, soiling loss
estimation through the relationship of f4;,4 and PV module area
or size is still absent from the current literature. Therefore, one
of the objectives in this study is to develop a new mathematical
model to correlate fyi,+ and the PV module area. The outcome
from this objective will be useful for soiling loss forecasting in
the studied site.

IV. METHODOLOGY

In this research, there are two tasks that were performed during
the site observation. Fig. 3 indicates the tasks executed during
the research.

The on-site observation of the PV system was carried out
by monitoring the trend of the PV system output power and
its degradation due to soiling over a period of 12 months. The
observation was made on a 2.5 MW, grid connected PV system
located in Setiu, Malaysia (Latitude = 5.5167° North; Longitude
= 102.7667° East) owned by Synergy Generated Sdn. Bhd
(Company registration no: 918256-K).

The PV system is located near foothill and surrounded by
small trees. The main road is about 300 m from this site and the
traffic activity is not heavy. There is an online monitoring system
for data collection and performance monitoring installed for the
PV system. This facility that was constructed in 2014 and first
operated on January 1, 2015 is a well-maintained plant where
the PV modules are cleaned once every two months.

The modules are polycrystalline silicon being mounted about
1.5 m from the ground and tilted at 5° from the horizontal facing
south. The modules’ temperature coefficient value vy, and PV
module mismatch derating factor f,,;, from the manufacturer
specification datasheet are —0.4%/°C and 97% (as during factory
test) each.

In Table I, some of the data are taken from the observation
made at the PV system location.

In this study, the observation involves fg;,¢ calculation, the
determination of PV system’s output power loss due to soiling,
the correlation analysis between PV module’s area versus fqiyt,
and the regression of that correlation to develop new math-
ematical model of fg;¢. The observations and analysis were
performed based on the recorded plant data. The methodology
will be elaborated further in the next section.
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TABLE I
PV SYSTEM LOCATION OBSERVATION DATA

Capacity 2.5 MW
Year of the data
2015
taken
Location Setiu, Terengganu, Malaysia
Climate Equatorial (fully humid tropical)
(Latitude. = 5.5167° North ; Longitude.
Coordinate
=102.7667° East)
PV modul
moduies 8,640 units of 300 W}, module
quantity

PV module’s size 1.8 m? for each module

HSL72P6-PB-4-300T

(Manufacturer: Hanwha Coporation)

PV modules model
code
Height of Modules
mounting from the 1.5 meter (5° tilted)
ground
Cleaning schedule Once every two months

Near foothill and surrounded by small

Surrounding .
. trees. About 300 meters from main road. No
environment .
heavy traffic.
Average peak sun
4.69 hours

hour period

A. fairt Calculation and Soiling Impact Analysis on PV
System Performance

The main objective for this study is to retrieve the data from
the system data logger for PV system’s output power observation
and to calculate the system’s fqirt. The value of fqi (%) can be
calculated using [27]

Esys = Larray_stc X PSHperiod X ftemp X fdirt X fmm
X fcable X Niny X Kaging‘ (3)

where Pyiray stc 18 the total PV array capacity (kW},), PSHperioa
is the peak sun hours, fiemyp is the derating factor due to module
temperature, f,, is the module mismatch derating factor given
by the manufacturer, &..p1e 1S the losses from cable resistance,
Tiny 1 the dc—ac inverter efficiency also given by the manufac-
turer, K,ging 1s the derating factor due to PV system’s aging, and
finally, Esy is the predicted system energy yield. In this case,
as the energy was already known from the data logger system,
Egys is counted as Ely;e1q. Hence, from (3)

Eyield

irt = . 4
fd ' Parray_stc X PSHpcriod X ftcmp X fmm ( )
><fcauble X Niny X Kaging
The value of fiemp can be obtained using [27]
ftemp =1+ Tpmp (Tmodules - 25) (5)

100

where Y, 1s the module’s temperature coefficient value for
output power at maximum power point, P, given in % (of
power reduction) per degree Celsius by the module’s manufac-
turer. fg;;¢ can be calculated from (4) by using the available data
from PV system’s data logger as the empirical value. The value
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of fqir¢ indicates the percentage of output power reduction due
to soiling.

However, if the instantaneous ac output power of the PV
system, Py is used to replace Fyiciq; hence, (4) is rewritten
as [27]

Pac
irt = 6
fd ' Parray_stc X PSF X ftemp X fmm ( )

><é-cable X Niny X Kaging

where PSF is the peak sun factor, which is obtained by dividing
the instantaneous value of solar irradiance (from the data logger)
in W/m? with 1000 W/m?. In this case, Pac value is taken as an
instantaneous value at solar irradiance of 1000 W/m?. Therefore,
by dividing solar irradiance of 1000 W/m? with 1000 W/m?, PSF
becomes 1. The reason for this is to mitigate the data inaccuracy
during the observation using the average daily Pyc value as
there was only one pyranometer to measure the irradiance for
8640 units PV module, which was very wide for pyranometer-
modules’ ratio. The ratio of pyranometer reading to the PV
module’s area is too big, and may cause data inaccuracy if the
daily average value of Pyc is used. By using the instantaneous
Pac value at the irradiance of 1000 W/m?, the pyranometer
provided the most accurate reading as the sun is mostly on its
peak location, its light during that condition covering all the
observed PV modules. The condition of sunlight at irradiance of
1000 W/m? (noon) is different than in the morning and evening,
which experiences the increment and reduction of solar irradi-
ance in the average daily Pac data. The approach taken in this
research is different from a research by Deceglie et al. [28], who
used average PV modules power output value in the analysis and
their observed modules quantity were much smaller, but having
the same purpose, to eliminate the inaccuracy in data collection.
Meanwhile, finm, Ecables Minv, and K gine are the same variables
asdefined in (3). However, the values for these were not available
at the research site. Usually, their value are constant throughout
the measurement [27]; hence, the parameters fi,m, Ecables Minvs
and K,gine can be combined together as 3. 3 is still reflected in
the derating factors to be included in (6). Therefore, (6) becomes

Pac

Parray_stc X ftemp X B '

(N

fdirt =

As for the P,ray_stc value, this parameter is also a constant
and it is obtainable. Pac is varied during the measurement
and this value is also obtainable directly from the PV system’s
data logger. Plus, fiemp is calculated using (5). The value for
(fremp X [) is obtained through data regression between two
parameters. In (7), Pairay stc and Pac is obtained directly,
but fiemp according to (5) is a linear function of Ti,odules-
Thodules data are also obtainable directly from data logger.
Therefore, (fiemp * ) can be solved through the linear func-
tion data regression using IBMs SPSS software between fiemp
and Tmodu]es~

Hence, from the data regression

(ftemp % B) = 1.112 — 0.004T o dule- ®)
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TABLE II
PV DEVELOPED fq;;t CALCULATION TABLE FROM THE PROCESSED DATA

Date PAC Parray,stc Tmodules fdirt
(kw) (Mw) (°©) (%)
16.02.2015 2,099.304 2.592 54.1670 8.311186
17.02.2015 2,047.847 2.592 56.0354 9.795406
18.02.2015 1,951.960 2.592 56.3718 13.88677
19.02.2015 2,002.556 2.592 53.0154 12.99047

Calculated f_dirt for 2015

Percentage (%)

A =t Rt R - i R I I - I R

0]

)

0

0
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0
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24.05.20]
11.06.201
07.11

e f_clir t{ %)

— pverage f_dirt (%)

Fig. 4. Historical diagram of the calculated PV system’s fqiy¢.-

Therefore, to calculate fq; for the PV system, following
equation is used:
Pac
Parrayfstc (11 12 — 0-004Tmodule) '

Jairt = )]

From the studied site, the required data for fg;, calculation
was collected and then inserted into a Microsoft Excel table as
shown in Table II. The values for fg;;¢ are then calculated using
9).

Finally, by filling up Table IT in Microsoft Excel, the historical
diagram of calculated fg;,;+ from the site was obtained and will
show the trend of f4;,+ and power loss due to soiling for a one-
year observation. In Table II, it is shown the daily increment of
fairt from 8.31% to 12.99%. This increment can happen due
to the rapid soiling accumulation when the PV modules are left
unclean for certain periods without any precipitation occurrence.
And for a large area of PV modules like this, rise of daily fqi
can be significant as soiling can disperse everywhere within the
modules’ area creating module mismatch losses [1].

B. Regression of a Mathematical Model

In this study, the regression analysis was performed with IBM
SPSS software. The analysis based on Pearson’s correlation
coefficient [29], [30] is carried out to correlate fq4;,¢ and the area
or size of PV modules in a mathematical model, an equation.

V. DATA ANALYSIS AND RESULT DISCUSSION

A. fairt Calculation and Soiling Impact Analysis on PV
System Performance

The historical diagram of fg;,¢ calculated for the studied site
is obtained as in Fig. 4.
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According to Fig. 4, the calculated fq;,+ values obtained here
are ranged from 4.86% to 58.67% with the average value of
26.22% for the whole observed year. Fortunately, in representing
the expected soiling, the calculated fg;,¢ quantification shows
that the plant yield reduction due to soiling can be severe, moder-
ate and minor effects on the PV system’s performance during the
observed year. To be clear on this, another historical diagram to
indicate the portion of the system’s yield reduction from soiling
was developed in Fig. 5. Besides, another historical diagram in
percentage form to indicate the portion of the system’s yield
reduction from soiling was developed in Fig. 6.

In Fig. 5, the graph is intended to display the portion of output
power reduced by soiling (in red) in comparison with the leftover
output power from the PV system after deducting the soiling loss
(in blue). Meanwhile, in Fig. 6, the graph shows the comparison
of portion of PV system’s output power reduction due to soiling
from the overall generated output power in percentage form.
From both figures, it shows that the impact of soiling for this
plant was severe and the portion of the power reduction due to
soiling can be more than 50% for a significant amount of time.
This means that, sometimes, half of the whole system’s output
power is reduced by soiling.

B. Modeling of fqirt and PV Module’s Area Relationship

For the studied PV system, the available data from research
site enabling one correlation study between fg;,+ and area. In this
case, the area is that of the PV modules. There were 2700 out of
8640 total units PV modules involved in this study. Each of the
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f_dirt versus Area
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Fig. 7. Scatter plot of fqi,¢ and area correlation.
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Fig. 8. Curve fitting for fg;,¢ and area data regression.

PV module’s effective area is 1.8 m”. The study is carried out to
determine the influence of the area or size of the PV modules on
fairt- For this analysis, (9) was applied to calculate fg;,+ using the
data measured at solar irradiance of 1000 W/m?2, which has been
normalized from the various random selected sample data. Fig. 7
shows the scatter plot for fg;,4 and area relationship developed
in Microsoft Excel.

In Fig. 7, the scatter plot has a pattern similar to a logarithmic
curve, but only after the eighth dot (from the left) until the last
one, the curve tends to go upward and then becoming almost
stagnant toward the end. However, judging from the scatter plot
overall pattern, it is hard to get good result of the regression
analysis. However, the regression analysis is still needed to be
carried out to see how significant the relationship of fg;;¢ and
area.

The curve fitting analysis is performed to select the best
regression that suits the pattern and represents the mathematical
relationship whether it is linear, inverse, logarithmic, quadratic,
cubic, exponential, or spline interpolation. Fig. 8 and Table III
show the best curve-fitting analysis results from IBMs SPSS.

According to the results in Table III, the cubic interpolation
curve fits the data accordingly. The relationship of fg;,4 and area
are studied based on the 12 value [29], [30]. 72 is obtained as 0.92,
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TABLE IIT
SPSS CURVE FITTING RESULT FOR fgirt AND AREA DATA REGRESSION

Model Summary

Regression R R Adjusted | Std. Error of the
type Square R Square Estimate
Cubic .959 .920 .908 .210

The independent variable is area

TABLE IV
CUBIC REGRESSION ANALYSIS RESULT FOR THE fqirt
AND AREA RELATIONSHIP

ANOVA
Sum of df Mean Square F Sig.
Squares
Regression 10.111 3 3.370 76.618 .000
Residual .880 20 .044
Total 10.991 23
Coefficients
Unstandardized Standardized t Sig.
Coefficients Coefficients
B Std. Error Beta
Area -.005 .000 -10.616 | -12.765 .000
Area ** 2 2.047E-006 .000 21.914 11.387 .000
Area ** 3 -2.224E-010 .000 -11.384 . .
(Constant) 21.703 271 80.152 .000
21
20
19
£ 18
Y
16
15
BN O NT®BNGOTTONOOT BN QT BN
B Ny Y S U I ANdSTan NS w S
® 2R SRS 2RINNDRISImERTET
=R = X8R R nReR F3 33
Area (m?)
= f_dirt from equation (9) = f_dirt from equation (10)
Fig.9. Comparisonof fg;,¢ ratio calculated from (9) and from cubic regression

equation (10).

which is close to 1 [31]. Table IV indicates the cubic function
regression results using IBMs SPSS.

From the result stated in Table IV, the equation that relates
fairt and area is

fairt = 21.703 — 0.005 Area + 0.000002047 Area®

— 0.0000000002224 Area’. (10)

This equation needs to be validated by testing it on the same
dataset used in the analysis. The comparison is made on the
calculated fg;;¢ obtained from (9) and the calculated fq;,¢ in
(10). The difference is shown in Fig. 9.

Fig. 9 shows that both curves have similar pattern. The range
of the difference as a percentage of f4i¢ obtained from (9)
and the latest calculated fg;,¢ by using (10) is from 1.68% to
8.79% with an average of 5%. Mean average percentage error,
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(MAPE) for (10) is found to be 5%, whereas root-mean-squared
error (RMSE) is 1.01, which shows that the equation is quite
acceptable [32].

This scenario indicates that, in this research site, soiling can be
dispersed widely with the increment of the PV module area as it
is usually carried by the wind. With a small PV module area, the
effect of soiling can be severe. However, according to the data
from this site and the prediction of the cubic function equation
model, the mitigation of soiling by having more PV modules
or more installed PV capacity is found unreliable. Soiling can
occur anywhere within the PV modules’ surface.

Even though the calculated results from (10) is not practically
100% accurate, it is still able to produce values near to the real
data within the inaccuracy less than 10%. Hence, it still can be
used to forecast fq;¢ in this site. In addition, the forecasting
can be much simpler by using this equation compared to the
fairy forecasting by using the empirical (4), which requires
many parameters and constants (PSF, fiemp, PAcs Ypmp» €tC.)
Meanwhile, the developed model (10) is able to predict fqi¢ of
PV module area in this site by using the only known area of
the module. On the other hand, soiling estimation through the
relationship of fgirx and PV module area or size is still absent
from the published research literature as discussed in Section III.

VI. CONCLUSION

From this research, the impact of soiling on PV system’s
performance in a fully humid tropical country has been identified
at the research site. Subsequently, the study has led to the
development of a new mathematical model, much simpler and
less inaccurate to predict fg;t with only known area of the PV
module. Following are the conclusions to be made from this
research.

1) The observation of the PV system has allowed fg;, for
the research site to be determined. The finding indicates
that fqi,¢ for the studied site in Malaysia, a highly humid
tropical country, is at an average of 26.22% during the ob-
servation year. The readings ranged from as low as 4.86%
to as high as 58.67% and this value can vary accordingly
from time to time depending on the site characteristics.

2) The analysis of fgi,+—module area is found to be sig-
nificant, and from this, a new mathematical model has
been regressed and developed. The new model deviates
from the previous used model (9) from 1.68% to 8.79%
with an average of 5% when comparing the accuracy
of forecasts using the same data. The calculated MAPE
for this model is found at 5%, whereas RMSE at 1.01
shows that the equation is acceptable and applicable for
the researched site. By using this mathematical model in
the same research site, the fq;, forecasting can become
much simpler with just one variable: the module’s area or
size. This will simplify the soiling prediction performed
for that site. Besides, the same correlation and regression
method can be performed for other sites to produce the
new fqir¢ prediction model. Actually, this forecasting is
important to provide the information for the planning of
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new PV system prior to soiling effect and schedule for
soiling mitigation.
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