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 Soiling refers to the accumulation of dust on PV modules which plays a 
small but significant role in degrading solar photovoltaics system efficiency. 
Its effect cannot be generalized because the severity is location and 
environment dependent. Currently, there are limited studies available on the 
soiling effect in the hot and humid Malaysian tropical climate. This paper 
presents an experimental-based approach to investigate the effect of soiling 
on PV module performance in a tropical climate. The experiment involved a 
full day exposure of a polycrystalline PV module in the outdoors with 
accelerated artificial dust loading and an indoor experiment for testing 
variable dust dimensions. The findings show that for the worst case, the 
module’s output can be reduced by as much as 20%. 
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1. INTRODUCTION 

PV systems generate electricity via the conversion of sunlight irradiation. Thus, the PV modules 
need to be mounted outdoor where maximum sunlight can be obtained [1]. Nonetheless, by exposing the 
modules outdoor, the module’s surface will be easily accumulated with the presence of dust; or worse, 
without a prior cleaning scheme in a long duration, leading to vegetation of lichens. This kind of 
accumulation will prevent the sunlight from directly reaching the module’s surface. Meanwhile, other 
external factors such as the fluctuation of global solar irradiance, ambient temperature, humidity, wind 
velocity, site characteristic (local vegetation, pedestrian and vehicular traffic, air pollution, etc.) will also 
contribute to the performance degradation of the PV system [2, 3]. According to several researches, the issue 
of soiling or dust can become serious, depending to their site environmental condition, PV system’s scale and 
the financial consideration [4-7]. Not only that, generally, conventional PV module only convert 4-17% of 
the received irradiation into electricity [8]. Thus, the effect of soiling will worsen the efficiency of PV 
system. This situation becomes a further challenge in achieving the common purpose of PV system 
installation, which already face challenges to minimize the system’s cost, minimize the system’s performance 
loss over time and finally to maximize the systems’ output or benefit [9]. On the other perspective, there are 
limited studies on investigating the soiling effect upon PV system in the hot and humid Malaysian tropical 
climate [10]. 
 



               ISSN: 2088-8708 

IJECE Vol. 6, No. 2, April 2016 :  810 – 818 

811

2. BACKGROUND OF STUDY 
Soiling is formed from the accumulation of dust over a surface, in this case the surface of PV 

modules. Sometimes it may come from the deposition of dirt like bird dropping or splatted mud which is 
referred as cemented soiling. Generally, the term dust is often used to describethe soiling issue. According to 
Mekhilef et al, dust is one of the three factors identified from nature besides humidity and air velocity which 
may affect PV systems performance [3]. Mani and Pillai defined that dust is a term generally applied to 
minute solid particles with diameters less than 500µm [2]. They also developed a framework indicating the 
factors influencing dust settlement as in the Figure 1. 

 
 

 
 

Figure 1. Factors influencing dust settlement by Mani and Pillai in 2010 [2] 
 
 

Referring to Figure 1, dust comes in various characteristic and can be analysed at different property 
such as chemical property, biological property, electrostatic property and physical property (size, shape and 
weight). Soiling comprised a varying composition of different dust types together because it is transported by 
wind (mostly) from the different origins (depending on the wind direction) before settling down on any kind 
of surface. Local site activity determines the dust settlement rate in the specific area such as air pollution 
[11], nearby industry, nearby construction site [12], transportation facility [13] and nature act (volcanic 
eruption, haze from forest burning, sandstorm, etc.) In addition to that, wind can be considered as one of the 
major factors contributes to the soiling problem apart from ambient temperature and relative humidity.   

Mani and Pillai’s framework also identified that other than the geographical factors and dust 
property, the module surface’s morphology and the way it’s being mounted (exposure to the atmosphere and 
tilt angle) can also influence the soiling rate [14-16]. 

Previous studies have discovered the effect of soiling can reduce the PV system’s performance 
(efficiency, output power and I-V curve characteristic) [4-6, 17-21]. However, most of them come up with 
different results and justifications on the impact of soiling to PV system’s performance due to the different 
geographical condition on the studied site. In Malaysia, the result might be different. This paper somehow is 
addressing the soiling issue in the hot and humid Malaysian tropical climate based on two set of experiments. 
The first one was conducted outdoor while the other one was performed in the laboratory. The result from the 
laboratory experiment was compared with the at least similar study by Sulaiman et al, 2014 for validation. 
 
 
3. PROBLEM STATEMENT 

Soiling plays a small but significant role in decreasing PV power output. Its severity is highly 
dependent on the installation location. PV systems near deserts and beaches are subject to higher amount of 
soiling, as for systems in a polluted environment. Another factor is the dimension of soiling elements. The 
dirt may consist of desert dust, airborne pollutants, bird droppings or other particulate molecules which vary 
in shape and size. Studies on the impact of soiling on PV modules are limited, especially for tropical climate 
countries such as Malaysia. This research attempts to fill the gap using experimental-based analysis on the 
soiling effect. 
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4. METHODS 
Two experiments have been conducted. The first experiment involved the single day exposure of a 

10 W rated polycrystalline PV module in the atmospheric condition with the accelerated artificial dust 
loading. The dimensions of the PV module were 350 mm (width) by 300 mm (length) by 17 mm (thickness). 
Wheat flour (in gram per meter²) was used as artificial dust and being deposited evenly on the module 
surface every half an hour, then the output (module  and module ) were observed. For every 
measurement taken of  and , the possible natural parameters in relation to the PV module performance 
along with influence of dust settlement which are solar irradiance, ambient temperature, relative humidity 
(RH) and wind speed were recorded. The experiment was conducted in day from morning to evening. The 
measurement taken is shown in Figure 2 to Figure 6. 

Figure 2 indicates the irradiance level measured during the outdoor experiment together with the 
accelerated dust loading. However, it does not resemble the important findings related to dust effect as both 
parameters here are independence. They are only measured to be as a reference. Usually, in the atmospheric 
condition, dry weather with high irradiance may accelerate the dust settlement rate. Dusts can easily being 
blown by wind when it dries. It is also observed that the rapid fluctuations of the irradiance value during the 
measurement. This happens because of the unpredictable weather condition on that day. It was raining 
heavily between 3.00 p.m. to 4.30 p.m. and the cloud formation was changing promptly in the sky. 

 
 

 
 

Figure 2. Solar irradiance trend in single day with the accelerated artificial dust loading 
 
 

 The behavioral of climatic and meteorological conditions are illustrated in Figure 3 and Figure 4. 
They show the correlation between ambient temperature, relative humidity and windspeed to irradiance level. 
It can be observed in Figure 3 that the ambient temperature is low in the morning due to low solar irradiance 
level, so less heat been transferred to atmosphere. Also, the ambient condition will get hotter as the sun rising 
and decreasing by the end of the day. Additionally, during rain or cloudy weather, where the irradiance level 
is low, the ambient temperature will decrease accordingly to the available heat in the atmosphere. 
Meanwhile, for RH, it is reduced during warm condition (refer Figure 3). When the surrounding getting 
warmer, the ambient temperature will rise, water vapors easily evaporate in the air, leave the condition drier.  
 For a typical wind speed characteristic as in Figure4 shows that it usually independent and do not 
totally rely on solar irradiance, ambient temperature and relative humidity. The pattern of wind speed in a 
single day is unpredictable and intermittent. It may increase in the dry condition, low ambient temperature, or 
even during raining. From metrological study, wind speed is governed by the orbital movement of the moon 
which also determine the ebb and flow of seawater level. 
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Figure 3. A typical ambient temperature and RH 

profile 

 
Figure 4.A typical wind speed profile 

 
 

The module outputs which are  and  supposed to be the dependence variables of dust 
settlement, solar irradiance, ambient temperature, RH and wind speed. The correlation is significant when 
compares to the irradiation pattern,  and . However, Figure 5 and Figure 6 illustrate both  and  
have similar trend curve as the solar irradiance respectively. These values degrade in the end of the day due 
to the low irradiation and proliferation of dust density. During the highest irradiance level of 990 W/m² and 
the dust accumulation is 100 g/m²,  is measured at 18.99 V and  is at 1.62 A. At lowest irradiance of 102 
W/m², the dust accumulation is 160 g/m², the values of  and  are measured at 4.80 V and 0.30 A 
respectively. The results are tabulated in Table 1. 
 
 

 
 

Figure 5. Module  with accelerated soiling 

 
 

Figure 6. Module with accelerated soiling 
 
 

Table 1. A typical day outdoor experimental results 
Irradiance Dust Density (g/m²)  (V)  (A) 

990 100 18.99 1.62 
104 160 4.80 0.30 

89.49% reduction 40% increment 74.72% reduction 81.48% reduction 

 
 

It can be observed that the values of Voc and Isc is reduced significantly according to the low level of 
irradiance and with the increased of dust density. This result is true for Isc alternatively not for Voc where 
theoretically it is not true because Voc never follow the irradiation pattern. It is possible that the heating from 
the irradiation caused the reduction in its value.  

An indoor experiment was conducted by using the same module and artificial dust. This experiment 
is actually to verify the outdoor experiment findings. In this experiment a 500 W spotlight is used as an 
artificial solar source and a closed laboratory room at ambient temperature of 25 ºC. Before performing the 
experiment, the irradiance levels and light intensity from the spotlight which is hang over the module need to 
be measured. They were measured at nine different points due to irregularity of light dispersion. The average 
value calculated from the nine points are 396.2222 W/m² and 1395.7778 lux each’s. 
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 The experiment set up is as shown in Figure 7in a dark laboratory. The spotlight was used instead of 
natural sunlight to maintain the irradiance level while observing the increment of dust density (in gram per 
meter²) effect to the  and . The PV module was placed horizontally facing the spotlight. The soiling test 
was conducted by loading the wheat flour on the module surface with its density being increased by 10 g/m² 
for each measurement. At the same time, the variation of  and  were recorded. 
 

 
 

Figure 7. The experimental setup 
 
 
5. RESULTS AND DISCUSSION 

In the first experiment where the artificial soiling rate being accelerated in the atmospheric 
condition, the module outputs,  and  responded accordingly to the solar irradiance level. Whenever the 
irradiance level is low, the outputs generated are also low and when the irradiance level is high, the output 
will rise. But, the output may not resemble the total response because of the presence of dust over the panel 
which increases rapidly along the measurement. This can be seen through the graphs in Figure 8 and  
Figure 9. 

 
 

 
 

Figure 8. Module  with accelerated soiling 

 
 

Figure 9. Module with accelerated soiling 
 
 
This result can only show the PV module output pattern due to the accelerated soiling in single day. 

There is nothing much can be justified from the experiment in relation to the impact of soiling and PV 
system’s performance. The experiment need to be performed in much longer period to come out with 
conclusive findings. Furthermore, the fluctuation of the solar irradiance (supposed to be the fixed parameter) 
during the measurement due to some natural influences such as cloud formation (depending on wind speed 
and wind direction) and RH (depending on ambient temperature) [22], it is hard to analyze the module output 
variation on the reduce irradiation due to the accelerated soiling. This will complicate the soiling effect study. 
Not to forget, the heat absorbed by the module from ambient and solar irradiance might also reduce the 
performance [23]. 

Malaysia is different from other country. It is located in the equator which experiencing hot and 
humid climate at the same time. Most of the period, the cloud formation is difficult to be predicted. Plus, in 
here, there is no obvious dry season and wet season which soiling quantification is easily being made. 
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Usually, soiling phenomenon on PV module surface was studied in a stable dry season and mostly in the 
country which have this type of climate [24-26]. Therefore, the second experiment was performed in 
laboratory with the controlled situation to study the same soiling acceleration but with fixed irradiation and 
surrounding temperature. 

The second experiment showed that with the increment of the artificial dust density, the  and  
were reduced. The correlation of dust density and the module  is shown in Figure 10. It was observed that 

 slightly reduced from 18.99 to 15.31 V (20.01% decrement) with the proliferation of the dust density 
from 0 to 200 g/m². According to the common semiconductor fundamental,  should be less affected by the 
irradiance but should respond to the module temperature. However, in this experiment,  might have also 
been reduced by the rise of module temperature due to the short distance (65cm) of module surface from the 
spotlight. 
 The effect of artificial dust to the  is presented in Figure 11. Similar with , it was seen that  
also slightly reduced from 1.64 mA to 1.31 mA (20.12% reduction). The result obtained was gained through 
the increment of artificial dust loading until 200 g/m². Both of  and  were expected to decrease more if 
the loading had been prolonged. 
 
 

 
 

Figure 10. The reduction of  

 
 

Figure 11. The reduction of  

 
 

Result obtained from the second experiment was compared with finding from Sulaiman et al 2014 
works [10]. The study by this group conducted a set of laboratory experiment to study the effect of dirt on a 
PV module’s output. Although the approach taken is quite different, their study is the most similar work 
which can be compared to here. Differently from this study, their works investigate the effect of various dirts 
on the PV module’s output like talcum, dust, sand, water droplet and a layer of vegetated moss which were 
spread evenly on the module surface. However, in here, the wheat flour loading on the module surface was 
measured in gram per meter square which is more accurate than the average spreading. Besides, their study 
observing the module’s output power reduction which was done by connecting the module to small loads like 
bulbs and motor with the different light irradiance input. This was not done in this study, the module output 
was measured on the no load condition. 

Comparison can be made by observing the depletion of and  with the I-V curved plotted 
fromSulaiman et al 2014 works as in Figure 12. At the average irradiance of 250 W/m², it can be estimated 
that the reduction of  and  for talcum only (which is similar to wheat flour physical texture) are about 
2.24% and 13.46% each. While at the average irradiance of 350 W/m², the values are 2.91% and 18.31% 
each. Table 2 below the figure shows the comparison of the indoor experiment conducted and the one 
obtained by Sulaiman et al.  
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Figure 12. I-V curve for dirt’s influence test at radiation intensity of 350 W/m² and 250 W/m² [10] 
 
 

Table 2. Comparison of the obtained result (the reduction of and  
Comparison Sulaiman et al 2014 [10] This Study 
Soiling type Talcum Wheat flour 

Methods Artificial soiling spread evenly on the module surface 
Artificial soiling spread evenly on the module surface  
Loading was measured in g/m² and being increase from 0 
to 200 with 10 g/m² increment 

External 
Disturbance 

Not mentioned Heat from spotlight 

 reduction 
Average irradiance of 250 W/m² 2.24% 

Average irradiance of 
396.2222 W/m² 

0 - 20.01% 
Average irradiance of 350 W/m² 2.91% 

 reduction 
Average irradiance of 250 W/m² 13.46% 

0 - 20.12% 
Average irradiance of 350 W/m² 18.31% 

 
 

The results in numerical value are totally different for the both study as the method employ is quite 
different even with the similar soiling type. Since the average irradiance used in this study is 396.2222 W/m², 
the nearest matching irradiance used by Sulaiman et al which can be made for comparison is at 350 W/m². At 
200 g/m² of wheat flour loading density, the reduction of  and  due to soiling are 20.01% and 20.12% 
each while from Sulaiman et al are about 2.91% and 18.31% each. The reduction of  for both study are 
quite similar, perhaps of the approximated soiling density loaded on the module surface and  is 
fundamentally less affected by module heating. However, for  the big different amount of variation for 
both studies was contributed from module heating. With the module surface distance only 65cm from the 
spotlight, the excessive heat can be absorbed directly even though it was lighten up in a few seconds due to 
the large spotlight power rating. Theoretically, with the increment of module temperature from 25ºC,  will 
decrease drastically. Sulaiman et al result can be referred in this case, without the disturbance of module 
heating,  is not significantly affected by soiling. Despite of this, from Table 2, it is seen that with the rising 
of irradiance level, the reduction of  and  become more obvious. At the average irradiance of 350 W/m² 
in Sulaiman et al experiment,  and  was reduce around 2.91% and 18.31% each. 

 
 

6. CONCLUSIONS 
From the methods employed in this study and comparison made with Sulaiman et al study, it is 

found that the effect of dust defined by soiling term can truly degrade the performance of a PV system. 
Below are several conclusions can be made: 
I. Impact of soiling on PV system’s performance may differ from place to place due to the different 

geographical condition. It is best described as site specific result. 
II. It might be a challenge to study the impact of soiling on PV system’s performance in Malaysian climate 

because there are always natural influence that may cause the fluctuation of solar irradiance such as 
cloud formation and the rapid changing turn of hot and humid condition. These make the data obtained 
from outdoor PV system’s performance monitoring becoming less accurate and less reliable. 

III. Soiling can affect the degradation of PV module output current significantly but less affecting the 
output voltage.  

IV. At higher irradiance level, the effect of soiling on PV system’s performance becomes more obvious for 
silicon type of module. 
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V. The other conditions from the nature such as the irradiation heat will definitely worsen the soiling effect 
on PV system’s performance.  
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