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8 Abstract
9

10 The aim of this study is to investigate the seasonal effect of dust on the degradation of PV 
11 modules deployed in two different climate areas, Perth, Western Australia, a temperate 
12 climate region and Nusa Tenggara Timur (NTT), Indonesia, a tropical climate region. Results 
13 revealed that PV performance varied with season. In Perth, the performance of PV modules 
14 which was maximal in the beginning of summer decreased significantly at the end of the 
15 season. The performance then increased back approaching the initial position at the end of 
16 autumn and reached a peak at the end of winter. Similar reduction to the summer’s 
17 performance was accounted by the modules at the end of spring. Meanwhile, in NTT, the 
18 performance of PV modules was maximal in the beginning of wet season, dropped slightly at 
19 the end of the season and decreased significantly at the end of dry season. Degradation of all 
20 modules in the two sites was more affected by dust compared to the non-dust related factors. 
21 The degradation is important information for future PV design in both areas, especially in 
22 NTT which accounted greater values than the typical dust de-rating factors.
23
24 Keywords: seasonal dust, characteristic of dust, contribution of dust, PV performance 
25  
26 1. Introduction  
27 Energy produced by a PV module deployed outdoors depends greatly on PV materials and 
28 solar insolation [1]. Over time, the electrical energy output will decrease, commonly due to 
29 humidity, thermal cycling, ultra-violet radiation and moisture ingress [2]. These causes lead 
30 to some permanent degradation, namely corrosion, discoloration, delamination and breakage 
31 and cracking cells [3]. Besides the internal factors, one environmental factor that significantly 
32 reduces the energy produced by a PV module temporarily is dust [1]. Even though PV 
33 performance could be recovered to its maximum capacity by cleaning activities, the effect of 
34 dust should not be underestimated [4].
35 Deposited dust on a PV module’s cover glass diminishes the illumination by absorbing 
36 and scattering sun light received by solar cells [5]. In addition to morphology factors, the 
37 optical properties of dust are dependent on its density. The intensity of light reaching the 
38 modules tends to decline as the amount of dust deposited on module’s surface increases [5-7]. 
39 Appels et al. [8] who examined the effect of different densities of dust reported that by 
40 spraying 20 g/m2 of white sand onto the surface of a 100 W Sanyo PV module, the 
41 transmittance and power output reduced by 4.02% and 4.84% respectively. As the amount of 
42 dust increased to 40 and 60 g/m2, the transmittance decreased as much as 9.18 and 15.03%, 
43 while power output dropped by 9.77% and 14.74%. An experiment featuring three different 
44 PV cell technologies such as mono-crystalline silicon (mc-Si), polycrystalline silicon (pc-Si) 
45 and amorphous silicon (a-Si) performed by Jiang et al. [9] reported that efficiency of the 
46 modules decreased by up to 26% as dust deposition increased of from 0 to 22 g/m2.   
47 The amount of dust accumulated on a PV module’s surface is affected by inclination angle 
48 of the module. Dust deposition decreases as the inclination angle of a PV module increases 
49 [5, 10]. Elminir et al. [5] in their experiments in Egypt reported that the difference of 
50 transmittance reduction for tilt angle of 0o (dust accumulation maximum) and 90o (dust 



ACCEPTED MANUSCRIPT

2

51 accumulation minimum) is 21.3%. A work completed by Said and Walwil [11] in Dhahran 
52 noted that for 45 days of exposure, a 0o glass sample was covered with about 6.5 g/m2 of 
53 dust, while a 15o

, 60o, 75o and 90o were coated with 5, 3.2, 2.2 and 0.9 g/m2 respectively.
54 Dust deposition on PV modules is also driven by the material and surface texture of PV 
55 module’s cover. Garg [12] who studied the effect of dust on two different materials exposed 
56 to outdoor conditions in India found that plastic collected more dust than glass. Similar result 
57 was revealed by Nahar and Gupta [13] in their work to observe optical properties of some PV 
58 covers. They reported that dust settled on glass cover was less than that impinged on acrylic 
59 and polyvinyl chloride (PVC). As a result the largest reduction of transmittance was 
60 accounted by PVC and followed by acrylic and glass. 
61 In addition to the two factors, there are several elements of weather that also affect dust 
62 deposition on PV modules’ surface including rain and wind. Rain has a dual role in terms of 
63 dust accumulation [14]. It can be a good cleaning agent when it occurs frequently and heavily 
64 as it would be able to wash away dust particles from PV module’s surface. Conversely, light 
65 rain tends to drop the suspended particles from atmosphere and forms thin layers that worsen 
66 PV performance [7].
67 Wind contributes to dust accumulation on the surface of a PV module. Goossens et al. [15] 
68 reported that, in the morning, wind with speed of 0.57 m/s can attach 1334 µg/cm2 of dust on 
69 PV surface with inclination of 29o and direction of North 10o East. Wind only can remove the 
70 dust from the PV surface at a very high velocity. Cuddihy [16] found that at a speed of 25 m/s 
71 and a relative humidity of 40%, wind can remove approximately 80% dust particles with a 
72 diameter of ≥ 50 µm, about 50% of 25 µm particles and < 5% of 10 µm particles. 
73 The weather elements mentioned previously vary depending on the season. This affects 
74 the dust deposition on the PV modules. As a result PV performance degradation caused by 
75 dust is different seasonally. A study carried out by Kalogirou et al. [6] in Cyprus found that 
76 power output of PV modules was maximum during winter. The performance slightly 
77 decreased at a similar level during spring and autumn. A significant reduction was observed 
78 during the summer months. Seasons with less rainfall demonstrated more accumulation of 
79 dust that led to the more performance degradation. This is in line with a work by El-Nashar 
80 [17] in Abu Dhabi, UAE reported that the highest drop in glass covers’ transmittance of solar 
81 desalination plant was recorded during summer. It is attributed to the greater accumulation of 
82 dust as a result of sand storms and lack of precipitation.
83 The present study went further by investigating the seasonal effect of dust on the 
84 degradation of PV modules deployed in two locations which have different seasons namely 
85 Perth, Western Australia and Nusa Tenggara Timur (NTT), Indonesia. This research also 
86 analyzed the contribution of dust and non-dust related factors to the degradation of PV 
87 modules at both locations over a one-year period. In addition to the factors affecting dust 
88 accumulation on PV module surface, morphology, chemical and optical properties of dust 
89 from Perth and NTT were investigated and compared as well. 
90
91 2. Experimental methodology
92 2.1. PV performance experiment
93 The purpose of this study is to evaluate the effect of seasonal dust on the performance of 
94 PV modules with case studies in Perth and NTT. As a temperate climate area, Perth is 
95 situated between 31.95o South latitude and 115.85o East longitude. It has four seasons i.e. 
96 summer (December to February); autumn (March to May); winter (June to August); and 
97 spring (September to November). Meanwhile, NTT which is a tropical area exhibits two 
98 seasons including dry season (April to October) and wet season (November to March). It is 
99 located in the Eastern part of Indonesia with geographical situation of 10o South latitude and 

100 123o East longitude.
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101 Three PV modules featuring a-Si, pc-Si and mc-Si which represent technologies deployed 
102 in Perth were chosen randomly as samples for this research. The PV modules faced to North 
103 with an inclination angle of 32o have been deployed for almost 20 years at the Renewable 
104 Energy Outdoor Testing Area (ROTA), Murdoch University. Two pc-Si and two mc-Si 
105 modules installed in 1997 at the State Polytechnic of Kupang (Politeknik Negeri Kupang 
106 (PNK)) were selected to represent PV modules in NTT, Indonesia. The modules pointed to 
107 North with inclination angle of 15o were randomly selected from a PV power plant at PNK. 
108 Technical characteristics of the PV samples at the two sites provided by the manufacturers 
109 are given in Table 1.
110 To investigate the influence of dust on the PV modules’ performance, experiments were 
111 carried out several times in accordance with the sampling sites’ season. The same treatment 
112 was applied for all PV modules at both areas. To start with a clean condition, the PV samples 
113 were washed with clean water before measurements. An example of an “after cleaning” panel 
114 alongside a dusty panel at ROTA is shown in Figure 1. The PV modules were then left to be 
115 exposed to the environment without any cleaning procedures except for natural activities such 
116 as rain and wind. The PV’s performance was recorded at the end of every season over the 
117 course of the study. In the last stage, PV performance was recorded in dusty and after 
118 cleaning conditions. Schedule of the measurement of PV module performance is shown in 
119 Table 2. 
120 Methods commonly applied by researchers to monitor and assess a module’s electrical 
121 performance are current voltage (I-V) and power voltage (P-V) curve scanning [18]. These 
122 curves represent the values of electrical parameters of a module such as maximum power 
123 output (Pmax), maximum output current (Imax), maximum output voltage (Vmax), open circuit 
124 voltage (Voc) and short circuit current (Isc).
125 A Prova 210 with 2% accuracy of current and voltage measurement [19] was used to 
126 analyse the I-V curve of the PV modules in the field. To get the best result, the module 
127 analyzer, which works on a range of solar insolation between 10 W/m2 and 1000 W/m2 and 

128 on a maximum voltage and current of 60V and 12A, respectively [19], was calibrated 
129 properly.  Kipp&Zonen SP Lite 2 pyranometer positioned in the plane of the array was used 
130 to measure the solar irradiance. The instrument which has a response time of < 500 ns and 
131 working temperature from -40 oC to +80 oC [20], was equipped with a Meteon data logger 
132 with a measurement accuracy of < 0.1% [21]. In addition to the pyranometer, a digital 
133 thermometer was also deployed to measure the back side temperature of the modules. The 
134 thermometer is a T-type thermocouple with a typical percentage error of 0.75% [22]. 
135 Due to the I-V characteristic data recorded by the solar module analyser was under real 
136 operating condition (ROC), its results were transposed to standard test condition (STC) using 
137 IEC 60891 procedure 1 by deploying the following equations [23]:

138 (1)𝐼2 = 𝐼1 + 𝐼𝑠𝑐1.(𝐺2

𝐺1
‒ 1) + 𝛼.(𝑇2 ‒ 𝑇1) 

139 (2)𝑉2 = 𝑉1 ‒ 𝑅𝑠.(𝐼2 ‒ 𝐼1) ‒  .𝐼2.(𝑇2 ‒ 𝑇1) + 𝛽.(𝑇2 ‒ 𝑇1)
140 Based on the I-V curve produced by equation (1) and (2), Pmax was obtained. 
141 where, subscript 1 and 2: ROC and STC values respectively; I and V: current (A) and voltage 
142 (V), respectively of I-V characteristic data pairs;  G: in-plane irradiance (W/m2); T: module 
143 back side temperature (oC); α: current temperature coefficient (A/oC); β: voltage temperature 
144 coefficient (V/oC); RS: the internal series resistance of the test specimen (Ω); : curve 
145 correction factor (Ω/oC); Pmax: maximum power (W); Isc: short circuit current (A); Voc: open 
146 circuit voltage (V).
147 It is well known that I-V characteristic measurement in the field is dictated by the variation 
148 of the environmental factors such as temperature and solar irradiation. To achieve the 
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149 accurate result, the performance of PV modules was recorded during daytime with irradiance 
150 from 800 to 1000 W/m2 as measured by the Prova and stipulated in IEC 60891. 
151
152 2.2. Dust density measurement
153 To find out the density of dust deposited on PV surfaces every season, glass samples were 
154 deployed at the sampling sites, in the beginning of November 2014 and December 2014, for 
155 PNK and ROTA sites respectively. The glass samples are 5x5 cm2 in size and made of soda 
156 lime glass, which is a material commonly used to cover PV modules. As dust deposition is 
157 affected by the inclination angle of the PV module; the glass samples were mounted on the 
158 arms of a structure (Figure 2) which can be set to various angles to simulate the modules’ 
159 inclination at ROTA (32o) and PNK (15o). The selected angles consist of 0o, 30o, 45o and 60o 
160 for ROTA, and 0o, 15o, 30o and 60o for PNK. 
161 Before deploying in the field, the glass samples were weighed to obtain their clean weight 
162 (M1 in mg). At the end of every season, glass sheets for each inclination angle were collected 
163 and taken to the laboratory. The collection task was undertaken in parallel with PV 
164 performance measurement, with schedules as explained in Table 2. The glasses were then 
165 weighed again to determine their weight in dusty conditions (M2 in mg). Dust density (D in 
166 mg/cm2) was calculated using formula:

167 (3)𝐷 =
𝑀2 ‒ 𝑀1

𝐴
168 where, A= glass area (cm2) 
169 Each glass sample was then encapsulated with another glass sheet before performing 
170 transmittance measurements. 
171
172 2.3. Dust characterization
173 2.3.1. Optical properties
174 A transmittance measurement was carried out to investigate to what extent dust particles 
175 block light. Encapsulated glass samples as described in section 2.2, representing dust density 
176 for a particular location, season (time exposure) and inclination angle, were taken to the 
177 laboratory and examined using an HP spectrophotometer.
178
179 2.3.2. Physical and chemical properties
180 Physical and compositional characteristics of dust from ROTA and PNK were examined 
181 in this research. A “JCM-6000 NeoScopeBenchtop” Scanning Electron Microscope (SEM) 
182 with X-ray analyser based on Energy-dispersive X-ray Spectroscopy (EDS) was used to 
183 investigate the morphology and elements of dust, respectively. Images captured by the SEM 
184 were analysed using image processing software to determine the grain size distribution of 
185 dust. In addition to EDS analysis, a X-ray diffraction (XRD) was performed to investigate the 
186 minerals composed of the elements that adhered to PV modules’ surface.
187 For sample preparation, the surface of a stub type specimen holder was covered with an 
188 adhesive carbon tab to hold sprinkled dust. The carbon tab used in this experiment was 
189 chosen since it has significantly lower contaminant levels under the EDS process. The dust 
190 collected from the field was then deposited onto the surface of the storage container. The 
191 deposition of dust was performed by a free fall technical. The accumulated dust on the 
192 container was coated with carbon; a recommended material as it doesn’t interfere with the 
193 characteristic X-ray peaks from the elements in the sample and prevents static charging of the 
194 dust before the SEM and EDS experiments were applied. Carbon coating was chosen as the 
195 focus of elemental composition tracing in this research to quantify elements in inorganic 
196 materials (materials lacking carbon) such as sand, cement and iron attached to PV module 
197 surfaces.  
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198 The research methodology of this study to investigate the effect of seasonal dust on the 
199 performance of PV modules with case studies in Perth and NTT can be summarized as 
200 shown in Figure 3.
201
202 2.4. Determining the contribution of dust and non-dust related factors
203 In this research, PV modules’ losses commonly quantified by Pmax [24] are classified into 
204 two types namely, losses caused by dust and non-dust related factors. The former expresses 
205 the difference of Pmax value at the end of a period of study for a module in dusty conditions 
206 (no cleaning, dust particles still deposited on PV modules surface) and clean conditions (after 
207 dust particles are washed away). The latter indicates the difference of Pmax value measured in 
208 clean conditions in the beginning and at the end of a period of study. 
209 The contribution of dust (Cdust) and non-dust related factors (Cnon-dust) on the degradation 
210 of PV modules performance over a one-year period of exposition at ROTA and PNK were 
211 calculated with the following formulas [4]:
212 (4)𝐶𝑑𝑢𝑠𝑡(%) =  (𝑃𝑚𝑎𝑥 𝑙𝑜𝑠𝑠𝑒𝑠 𝑐𝑎𝑢𝑠𝑒𝑑 𝑏𝑦 𝑑𝑢𝑠𝑡

𝑡𝑜𝑡𝑎𝑙 𝑃𝑚𝑎𝑥 𝑙𝑜𝑠𝑠𝑒𝑠 ).100

213 (5)𝐶𝑛𝑜𝑛 ‒ 𝑑𝑢𝑠𝑡(%) =  (𝑃𝑚𝑎𝑥 𝑙𝑜𝑠𝑠𝑒𝑠 𝑐𝑎𝑢𝑠𝑒𝑑 𝑏𝑦 𝑛𝑜𝑛 ‒ 𝑑𝑢𝑠𝑡 𝑓𝑎𝑐𝑡𝑜𝑟𝑠

𝑡𝑜𝑡𝑎𝑙 𝑃𝑚𝑎𝑥 𝑙𝑜𝑠𝑠𝑒𝑠 ).100

214 Where total Pmax losses is the summation of Pmax losses caused by dust and Pmax losses caused 
215 by non-dust related factors.
216
217 3. Results and discussion 
218 3.1. Climatic condition of ROTA and PNK 
219 As the existence of dust is dependent on weather elements, monthly climatic data of the 
220 two case studies locations during the study period was compiled and presented in Table 3. 
221 Climatic data of ROTA recorded every 10 minutes were accessed from the Murdoch 
222 University Weather Station [25]. It is shown that the average temperature at ROTA ranged 
223 from 13 to 25 oC with the maximum temperature reaching 44.98 oC in December. The driest 
224 month was also noted as December, whilst July was the wettest month with accumulate 
225 rainfall intensity of 146.7 mm. Similar to the rainfall pattern, the average relative humidity 
226 was high during winter season, which reached a peak at 78.75% in July. Average wind speed 
227 at ROTA at the PV modules’ height (about 1.5 meters) ranged from 1.96 to 2.42 m/s. The 
228 values are the results of Synchrotac 706 series anemometer data mounted at the top of a 10 
229 meters tower at ROTA, extrapolated down to 1.5 m using the power law formula as follows 
230 [26]: 
231 (6)

𝑉2

𝑉1
= (𝑍2

𝑍1)𝛼

232 where, V1 and V2 = measured and calculated wind speed (m/s), respectively; Z1 and Z2 = 
233 height at which the wind speed is measured and calculated, respectively (m);  = wind shear 
234 exponent ( = 0.15 as ROTA can be classified as an area with low crops, few trees and 
235 occasional bushes [27]).
236 During the period of study, NTT, as a tropical climate area, exhibited a steady trend in 
237 temperature (between 26 and 29.5 oC) and high relative humidity with (between 63 and 87%). 
238 The months without rainfall were June and during August to October whilst January was the 
239 wettest month with an accumulated rainfall of 659 mm. Climatic data recorded every 1 hour 
240 and provided by Bureau of Meteorology, Climatological and Geophysics of Kupang [28] also 
241 shows that temperature reached a maximum of 33.5 oC in November 2014. Wind speeds 
242 recorded at a height of 10 meters were converted to the modules’ height of 1.5 meters using 
243 equation 6. Since the PNK site had similar terrain characteristics to ROTA, a roughness 
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244 exponent of  = 0.15 was again chosen and the average wind speed at PNK for the modules’ 
245 height was calculated to range from 1.96 to 2.44 m/s.   
246 3.2. Dust characterization  
247 3.2.1.Chemical composition
248 Element analysis revealed that dust from ROTA consisted of O (34%) and Si (29.14%) as 
249 the major elements with some minor amounts of Ca, Al, Fe and K which account 13.21%, 
250 9.26%, 8.83% and 5.56%, respectively. Dust from PNK was dominated by Ca (31.20%), O 
251 (26.68%), and Si (19.42) with smaller amounts of Fe, Al, K and P which are 9.03%, 7.28%, 
252 4.08% and 2.31% of total element weight. 
253 A mineralogical analysis was performed using X-ray diffraction to investigate minerals 
254 built of the elements. According to the result as shown in Figure 4, dust particles from ROTA 
255 were composed mostly of quartzite (SiO2) followed by calcium oxide (CaO) and smaller 
256 amounts of some minerals from alkali feldspars group namely orthoclase and microcline 
257 (KAlSi3O8), meanwhile dust from PNK contained a large portion of calcium oxide (CaO) 
258 followed by quartzite (SiO2) and some minor amounts of feldspars (KAlSi3O8) and berlinite 
259 (AlPO4).
260 In addition to providing information about the type of dust, chemical composition analysis 
261 is to trace the source of dust adhered to PV modules’ surface [5, 29]. This can provide useful 
262 information for dust mitigation policies and procedures. Considering Perth lies on a coastal 
263 plain dominated by acidic and sandy soils [30], erosion from the soils surrounding ROTA is 
264 likely to be the source of high portion of quartzite. Calcium oxide, which is the main 
265 component of limestone; and feldspar, which is the main component of some building 
266 materials were attributed to some building renovation works near ROTA. Calcareous soil, 
267 which is the dominant type of soil in NTT [31] is expected to be the main contributor to the 
268 higher composition of calcium oxide on PVs’ surface at PNK. Quartz and berlinite could be 
269 from the erosion of sedimentary and metamorphic rocks around the site. The presence of 
270 orthoclase and microcline indicated a pollution of paint workshop located next to the plant. 
271
272 3.2.2.Morphology
273 Figure 5 shows the SEM image of collected dust from ROTA and PNK sprinkled onto the 
274 surface of a stub type specimen storage. Referring to a standard nomenclature developed by 
275 the National Institute of Standard and Technology, USA [32], dust from ROTA (Figure 5(a)) 
276 can be classified as ‘angular shape’ because some particles exhibit sharp edges, while dust 
277 from PNK (Figure 5(b)) is identified as ‘aggregate and porous shape’ due to the dominance 
278 of porous particles. 
279 To determine the size distribution of dust particles, SEM images representing dust from 
280 ROTA (magnification 450 times) and PNK (magnification 200 times) were analysed using 
281 image processing software and classified based on their diameter. The grain size analysis 
282 result of randomly sampled particles (Table 4) reveals that the percentage of clay and very 
283 fine silt of the dust from ROTA is higher than that from PNK. In other words, dust from 
284 ROTA is finer than dust from PNK. Consequently, it would have a greater potential to block 
285 light as it was distributed more uniformly on the module‘s surface so that areas of the voids 
286 between the particles through which light can pass were more minimal [7]. 
287
288 3.3. The effect of season and inclination angle on dust accumulation
289 By applying procedures as described in section 2.2, dust deposition data in both locations 
290 were obtained. Figure 6 shows that the amount of dust accumulated on a glass sample’s 
291 surface varies with season. For ROTA, the highest dust density at each inclination angle was 
292 performed by glass samples collected at the end of summer followed by spring, autumn and 
293 winter as depicted in Figure 6(a). Meanwhile, the greater accumulation of dust at PNK was 
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294 contributed by glass samples collected at the end of dry season as presented in Figure 6(b). 
295 Taking into account the climatic condition of both sites in Table 3, it can be stated that 
296 seasons with less rainfall demonstrated more accumulation of dust compared to those with 
297 greater rainfall. 
298 Based on the inclination angle, the two areas show a similar pattern. Glass samples with 0° 
299 of inclination accounted highest density of dust, followed by 30o, 45o and 60o for ROTA, 
300 while 15o, 30o and 60o for PNK. As the tilt angle increased the dust deposition decreased. 
301 To carry out further analysis, several assumptions were made. Firstly, the deposited dust 
302 on a glass sample’s surface is similar to that impinged on a PV module’s cover at the same 
303 location, season and tilt angle. Secondly, there is a linear relationship of dust density among 
304 the consecutive angles in a season so that dust density at an unidentified angle can be 
305 determined by performing a linear regression.
306 It is found that in some similar conditions, dust accumulation on PV modules’ surfaces at 
307 ROTA is less than that at PNK. For the driest seasons, deposited dust on PV modules at 
308 ROTA with inclination angle of 32o

 was 0.17 mg/cm2 recorded at the end of summer season, 
309 while modules at PNK with inclination angle of 15o

 were covered with 0.37 mg/cm2 of dust at 
310 the end of dry season. For the wettest seasons, the accumulation of dust at ROTA and PNK 
311 was 0.038 and 0.168 mg/cm2 noted at the end of winter and wet seasons respectively. The 
312 differences are attributed to the higher tilt angle of PV modules deployed at ROTA; as a 
313 result dust rolls off easily due to the gravitation effect or is cleaned off by natural cleaning 
314 agents. In addition, the shorter summer season at ROTA (3 months) caused less dust 
315 accumulated on PV modules’ surface. Higher relative humidity in NTT is also a reason as it 
316 supports the cementation process of dust on PV surface [16]. 
317
318 3.4. The effect of season and inclination angle on transmittance
319 Transmittance results of the glass samples collected at the end of every season revealed 
320 that all spectras were fairly flat over the wavelength range from 400 to 1100 nm, although the 
321 curves approach zero transmittance for the ultraviolet (UV) end of the spectrum due to the 
322 glass absorbing the UV. In order to determine transmittance of dust only, the clean spectra 
323 was subtracted from the dusty glass transmission spectra. Their average results are presented 
324 in Figure 7. 
325 The highest average transmittance of dust from ROTA at each inclination angle was 
326 contributed by glass samples collected at the end of winter followed by autumn, spring and 
327 summer as shown in Figure 7(a). For samples from PNK, the higher values of average 
328 transmittance were accounted by glass samples collected at the end of wet season as depicted 
329 in Figure 7(b). Greater rainfall seasons exhibited higher average transmittance. In addition to 
330 the season, average transmittance of dust is also affected by inclination angle. Glass samples 
331 deployed at ROTA with inclination of 60° performed the highest average transmittance of 
332 dust, followed by 45o, 30o and 0o. Similar trend was also shown by samples at PNK in which 
333 the highest value was recorded by samples with inclination of 60o, followed by 30o, 15o and 
334 0o. As the tilt angle increases the average transmittance of dust increases.    
335 The pattern of transmittance results in Figure 7 is in agreement with the trend of dust 
336 accumulation in Figure 6 where the greater the rainfall and the higher the tilt angle, the less 
337 accumulated dust on PV surface; as a result the higher the transmittance value.
338 By comparing Figure 7(a) and (b), it can be seen that there is a significant difference of 
339 average transmittance at both locations for the wettest seasons. At the end of winter, PV 
340 modules at ROTA with inclination angle of 32o which accounted 0.038 mg/cm2 of dust 
341 (Figure 6(a)) exhibited average transmittance as much as 93.37%. Meanwhile, at the end of 
342 wet season, PV modules at PNK mounted at 15o tilt angle with 0.168 mg/cm2 of dust (Figure 
343 6(b)) performed 78.24% of average transmittance. A notable difference is also shown during 
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344 the driest seasons. At the end of summer and dry seasons, dust from ROTA and PNK with 
345 density of 0.17 and 0.37 mg/cm2 demonstrated 80.77 and 61.24% of average transmittance. 
346 These differences are attributed to the reasons as explained in section 3.3.
347  
348 3.5. The effect of seasonal dust on PV performance degradation
349 Pmax output of PV modules deployed at ROTA and PNK was recorded using a solar 
350 module analyser at the end of every season according to the schedule presented in Table 1. 
351 The performance results were then transposed to standard test conditions (STC) by applying 
352 equation 1 and 2. To compare the PV modules’ performance, the transposed result of each 
353 PV module was normalized using its Pmax ouput value in clean condition. The reference was 
354 measured at the initial stage of this study. Results are depicted in Figure 8 and 9. These 
355 figures show the uncertainties of all instruments (2.85%) deployed for PV performance 
356 experiment mentioned in section 2.1. The value is the sum of percentage uncertainty of the 
357 equipment combined [33].
358 Figure 8 indicates that normalised Pmax output of PV modules at ROTA varies with season. 
359 Starting in a clean condition in the beginning of December 2014, Pmax output of the modules 
360 was maximal. It then decreased after the modules being exposed to the elements for 3 months 
361 measured at the end of summer. This was caused by the accumulation of dust which blocked 
362 light that would be converted into electrical energy. From Figure 6(a), the calculation result 
363 revealed that PV modules at ROTA were covered by 0.17 mg/cm2 of dust at the end of the 
364 season. The amount of dust reduced the average transmittance to 80.77% (Figure 7(a)). Table 
365 3 indicates less rainfall occurred during this season. The meteorological data of Perth was 
366 retrieved from the Murdoch University Weather Station [25] revealed that, there were only 3 
367 occasions of rain with an average intensity of 0.2 mm in the second and the third day of 
368 February 2015. These rains were expected to exacerbate dust concentration as it dropped 
369 suspended dust particles in the atmosphere and formed thin layers on modules’ surface. 
370 Similar to the rain, wind with velocity ranged from 2.29 to 2.42 m/s (Table 3) was not able to 
371 remove dust accumulation on PVs’ surface. 
372 The performance of PV modules then increased back during autumn and reached a peak at 
373 the end of winter (August 2015). Great rainfalls as summarised in Table 3 were the major 
374 factor contributed to the improvement of PVs’ performance as it could wash away dust from 
375 the PVs’ surfaces. Dust concentration decreased from 0.16 mg/cm2 at the end of summer to 
376 0.057 and 0.038 mg/cm2 at the end of autumn and winter respectively. Consequently, the 
377 average transmittance increased from 80.77% at the end of summer to 91.30 and 93.37% at 
378 the end of autumn and winter respectively. Greater rainfall in winter than that in autumn was 
379 the reason of the difference of dust density and transmittance results at the end of both 
380 seasons.  
381 The PV modules’ performance dropped again at the end of spring. The calculation result 
382 revealed that dust density increased from 0.038 mg/cm2 at the end of winter to 0.108 mg/cm2 
383 at the end of spring. As a result transmittance decreased to about 15.5% (Figure 7(a)). 
384 Murdoch weather data [25] revealed less rainfall during November. There were six occasions 
385 of rain that occurred during November. It happened five times at the first and second day of 
386 the month and once on the eighteenth day with average intensity of 0.1 mm. Similar to the 
387 summer season, performing low intensity and frequency, the rainfall could not wash the dust 
388 away from PV surface. Conversely, it tends to drop dust from the atmosphere and accumulate 
389 it on the PV surface [7]. As a result, dust is continually sticking and worsening the 
390 performance of the modules. 
391 Another point to be noted is that at the end of spring, Pmax degradation of PV 1 (mc-Si) 
392 and PV 2 (pc-Si) was lower than that at the end of summer. The performance of the two 
393 modules is not in agreement with the dust density and the transmittance results during spring. 
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394 This is attributed to more dust covered the panels compared to glass samples used to measure 
395 dust density and PV 3 (a-Si). The location of the two PV modules is closer than the glass 
396 samples and PV 3 (a-Si) to the road used to access several buildings renovated during the 
397 season at ROTA. 
398 By applying a manual cleaning procedure at the end of the study period (spring), the 
399 performance of PV modules was restored. The improvement values were lower than initials’ 
400 performance recorded in the beginning of December 2014. This is attributed to the permanent 
401 degradation caused by non-dust related factors.
402 Similar to ROTA, the performance of PV modules deployed at PNK was different every 
403 season as shown in Figure 9. Normalised Pmax output of the modules decreased slightly from 
404 maximum performance in the beginning of wet season (clean) to values between 0.96 and 
405 0.98. These results were recorded after 5 months of exposure and measured at the end of wet 
406 season (March 2015). From Figure 6(b), it can be seen that the accumulation of dust on PV 
407 modules’ surfaces at the end of wet season is 0.168 mg/cm2 at 15o inclination angle. As a 
408 result, the average transmittance decreased to 78.24% (Figure 7(b)). Table 3 shows great 
409 rainfalls occurred during wet season which reached a peak in January. However, the rains 
410 could not clean the PV modules perfectly. It is attributed to the lower tilt angle of modules at 
411 PNK (15o) which decreased the movement of rain water to wash away dust. Also, rain only 
412 effectively removes bigger particles [8] so that the smaller particles of dust remained attached 
413 on PV surface. 
414 The performance of PV modules continually decreased and reached its lowest point after 
415 exposing for 7 months over the dry season. The considerable reduction is in line with the 
416 large amount of dust impinged on PV surface i.e. about 0.4 mg/cm2 recorded at the end of the 
417 season (Figure 6(b)). Due to the deposited dust, transmittance decreased to 61.24% as shown 
418 in Figure 7(b). Table 2 shows that there were almost 5 months passed without rain before the 
419 measurement of PV performance taking place. As a result dust continued to accumulate on 
420 PV modules’ surface. The condition was aggravated by the higher humidity at the site i.e. 
421 between 63 and 79%. Consequently, dust lifted by wind and other activities in the 
422 environment would be cemented on PV surface easily. 
423 By performing a manual cleaning procedure at the end of dry season, the performance of 
424 the PV modules was restored. Non-dust related factors caused the PVs’ Pmax output was lower 
425 than initial’s performance values recorded in the beginning of summer in 2014. 
426
427 3.6. Contribution of dust and non-dust related factors on PV performance degradation
428 Table 5 and Table 6 show the contribution of dust and non-dust related factors to the 
429 performance degradation of PV modules at ROTA and PNK over a one-year period of 
430 exposure calculated using equation 4 and 5. 
431 According to the results, total Pmax losses of the modules deployed at ROTA ranged from 
432 6 to 8%, and from 16 to 19% for modules at PNK. These losses were mostly contributed by 
433 dust in which about 65 to 72% and 73 to 81% of the total power degradation of PV panels at 
434 ROTA and PNK respectively. Meanwhile, the contribution of non-dust related factor was 
435 from 28 to 35% and from 19 to 27% for ROTA and PNK respectively. These results are in 
436 contrast with our previous study on some PV modules deployed at ROTA for more than 18 
437 years without any cleaning procedures [4]. The study revealed that power output losses of PV 
438 modules are mostly due to non-dust related factors which accounted about 71% to 84%. 
439 Thus, it is safe to say that dust seems to be more dominant than non-dust related factors to 
440 degrade PV module performance in a short term deployment.
441 Table 5 and Table 6 also present the percentage values of Pmax losses caused by non-dust 
442 related factors at both locations after a one-year period. The degradation is from 2.09% to 
443 2.64% for modules at ROTA and between 3.44% and 4.26% for modules at PNK. 
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444 The degradation values are very high compared to the calculation results of degradation 
445 rate per year of the modules, which is from 1.42% to 2.46% as presented in Table 7 and 8. In 
446 addition to the uncertainty of the applied instrument, this indicates a variation from the long 
447 term average where some years will be higher and some lower. It could be predicted that over 
448 the time of the measurements, the degradation is increasing due to the age of the modules. 
449 For a long time period (almost 20 years), parts of the modules experienced deterioration 
450 leading to permanent and significant power loss [2, 34] due to weathering and air pollution 
451 [34]. Lack of regular maintenance applied for the modules aggravated the performance 
452 degradation [35]. Various degradation effects including delamination, encapsulant browning, 
453 and corrosion of junction box connections were observed on the selected PV modules. 
454 As mentioned above that the performance degradation of the modules is affected by their 
455 age, a further research which deploys new PV modules in the two areas is needed. By 
456 neglecting aging factor, the effect of seasonal dust on the degradation of PV modules can be 
457 assessed accurately. In addition, more frequent observations of dust deposition and PV 
458 performance can be performed through the seasons.
459
460 3.7. The impact of the study on solar PV application 
461 A factor considered in PV system design is the dust de-rating factor. Typical value of 
462 power losses due to dust applied for a design is around 2 to 5% [36]. Table 5 and Table 6 
463 show that Pmax losses caused by dust are from 4.03 to 6.11% for modules at ROTA, and from 
464 12.36 to 15.16% for ones at PNK. These results are very important information for future PV 
465 project design in the two sites. In particular in NTT the de-rating from the measured dust 
466 accounted larger losses than would conventionally be expected. An underestimated de-rating 
467 factor employed in a PV design will affect the reliability of the system to supply load.
468 The loss of power caused by dust is a serious problem for PV applications, mainly in a 
469 small scale project. A simple analysis allows us to assess the significant effect of dust. From 
470 Table 5 and 6, it can be seen that the most dust-affected PV module is PV C (pc-Si) deployed 
471 at PNK. The module lost 10.92 watts of its power output at the end of dry season. 
472 Considering that the site receives an average of 6.3 peak sun hours per day during the season 
473 (April – October) [37], then at least 69 Wh of electricity would be lost by the module every 
474 day. If this PV module was employed for a solar home system (SHS), the extra power from a 
475 cleaned panel could be used to supply basic lighting, such as a 5 watt light emitting diode 
476 lamp. It is equivalent to 300 lumen [38] - the minimum requirement lighting for a reading 
477 activity [39], for about 14 hours.
478 Based on the analysis above, some efforts including cleaning procedures are needed to 
479 keep PV modules at their best performance. Results show that PV modules in NTT, a tropical 
480 climate area, are more affected by dust compared to that in Perth, a temperate climate region. 
481 It is attributed to the lower tilt angle of PV modules, the longer summer season and higher 
482 relative humidity in NTT. From this study, it can be suggested that more intense of cleaning 
483 should be applied for PV modules mounted at lower latitude and deployed in a tropical 
484 climate area. 
485
486 4. Conclusion  
487 The results indicate that PVs’ performance represented by normalised Pmax output varied 
488 with season. In Perth, the performance of PV modules which was maximal in the beginning 
489 of summer decreased significantly at the end of the season. The performance then increased 
490 back approaching the initial position at the end of spring and reached a peak at the end of 
491 winter. Similar reduction to the summer’s performance was accounted by the modules at the 
492 end of spring. Meanwhile, in NTT, the performance of PV modules was maximal in the 
493 beginning of wet season, dropped slightly at the end of the season and decreased significantly 
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494 at the end of dry season. Rainfall was the main natural cleaning agent to reduce dust 
495 accumulation on PVs’ surface deployed in the two sites. It was found that the degradation of 
496 all modules is more affected by dust compared to non-dust related factors for a short term 
497 period of study. Pmax losses caused by dust ranged from 4 to 6% and 16 to 18% for PV 
498 modules in Perth and NTT respectively. The higher losses exhibited by modules in NTT are 
499 attributed to the lower tilt angle of the modules, the longer dry season and the higher relative 
500 humidity in the area. The losses results are important information for the future PV design in 
501 both areas, especially in NTT which accounted greater values than the typical dust de-rating 
502 factors. It can be suggested that more intense of cleaning should be applied for PV modules 
503 mounted at lower latitude and deployed in a tropical climate area. 
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Figure 1. After cleaning and dusty PV panels

 
Figure 2. A structure and its close-up appearance that was used to hold glass samples at ROTA
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Figure 3. Methodology to study the effect of seasonal dust on the performance of PV modules
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Figure 4. Analysis results of X-ray diffraction spectrum of minerals of dust from ROTA and 
PNK (Q: quartz, C: calcium oxide, M: microcline, O: orthoclase, B: berlinite)

  

(a). ROTA (b). PNK
Figure 5. SEM images of dust
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Figure 6. Deposited dust at different seasons and inclination angles
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Figure 7. Average transmittance of dust at different seasons and inclination angles
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Figure 9. Performance of PV modules every season at PNK
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Table 1. Technical specification of PV modules at ROTA and PNK 
Location PV module Pmax (W) Isc (A) Voc (V) Ipm Vpm
ROTA PV 1 (a-Si) 40 2.54 21.8 2.31 17.3

PV 2 (pc-Si) 108.2 3.35 43 3.2 33.8
PV 3 (mc-Si) 129 5.5 33 4.91 26.2

PNK PV A & B (mc-Si) 100 5.78 22.5 5.35 18.7
PV C & D (pc-Si) 100 5.58 22.68 5.26 19.01

Table 2. Schedule of PV performance measurement 
Location Time PV condition
ROTA Beginning of December 2014 Clean 

At the end of February 2015 (summer) Dusty 
At the end of May 2015 (autumn) Dusty 
At the end of August 2015 (winter) Dusty 
At the end of November 2015 (spring) Dusty and clean 

PNK Beginning of November 2014 Clean 
At the end of March 2015 (wet season) Dusty 
At the end of October 2015 (dry season) Dusty and clean 

Table 3. Monthly climatic condition of ROTA and PNK over the period of study [25, 28]
Average 

temperature 
(oC)

Maximum 
temperature 

(oC)

Accumulated  
rainfall 
(mm)

Rainy days
Average wind 

speed 
(m/s)

Average relative 
humidity 

(%)Month

ROTA PNK ROTA PNK ROTA PNK ROTA PNK ROTA PNK ROTA PNK
Nov ‘14 19 28.6 38.32 33.5 13 20 7 4 2.27 2.39 60.91 78
Dec '14 21.27 29 44.98 32 1 201 1 14 2.39 2.44 51.82 82
Jan '15 24.58 27.9 38.99 30.8 2.5 659 1 23 2.42 2.29 44.96 84
Feb '15 24.36 27.3 35.76 31.2 23.2 112 3 17 2.29 2.29 57.29 85
Mar '15 22.15 27.2 29.89 31.4 16 339 5 16 2.29 2.38 55.46 87
Apr '15 19.1 28.1 26.07 33.3 44 61 8 4 2.38 2.02 58.07 79
May '15 14.77 27.3 25.33 32.9 72.5 13 6 2 2.02 2.15 67.24 74
Jun '15 14.83 26.8 22.63 32.5 62.5 0 9 - 2.15 1.96 73.42 71
Jul '15 13.45 26.2 27.72 31.9 117.5 4 17 1 1.96 2.12 78.75 70
Aug '15 14.01 26.1 32.06 32.1 70 0 13 - 2.12 2.21 74.11 67
Sep '15 15.39 26.7 33.74 32.3 33.8 0 6 - 2.21 2.08 62.13 69
Oct '15 18.97 27.8 39.6 32.6 47 0 6 - 2.08 2.28 65.09 63
Nov '15 20.84 29.5 38.32 33.3 16.7 17 6 3 2.28 2.39 58.98 76

Table 4. Grain size distribution of dust from ROTA and PNK
Diameter Percentage of the total sample from

(µm) ROTA PNK Grain type

< 4 67.34% 57.34% Clay
4-8 22.24% 18.41% Very fine silt

8-16 7.25% 12.53% Fine silt
16-31 2.18% 8.27% Medium silt
31-63 0.78% 2.28% Coarse silt

63-125 0.21% 1.17% Very fine grained
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Table 5. Contribution of dust to PV performance degradation at ROTA over 1 year
Pmax losses caused byPmax output (W) dust non-dust

Total Pmax 
losses Cdust

Cnon-

dustPV module
i ii iii W % W % W % % %

PV 1 (a-Si) 25.33 23.8 24.8 1 4.03 0.53 2.09 1.53 6.12 65.36 34.64
PV 2 (pc-Si) 80.51 73.8 78.6 4.8 6.11 1.91 2.37 6.71 8.48 71.54 28.46
PV 3 (mc-Si) 94.7 87.6 92.2 4.6 4.99 2.5 2.64 7.1 7.63 64.79 35.21

Note: i: beginning of summer and clean (2014); ii: after spring and dusty (2015);  iii: after spring 
and clean (2015); Cdust: contribution of dust factor; Cnon-dust: contribution of non-dust related 
factor

Table 6. Contribution of dust to PV performance degradation at PNK over 1 year
Pmax losses caused byPmax output  (W) dust non-dust

Total Pmax 
losses Cdust

Cnon-

dustPV module
i ii iii W % W % W % % %

PV A (mc-Si) 63.4 53.2 60.7 7.5 12.36 2.7 4.26 10.2 16.62 73.53 26.47
PV B (mc-Si) 58.2 47.8 56.2 8.4 14.95 2 3.44 10.4 18.39 80.77 19.23
PV C (pc-Si) 75 61.1 72.02 10.92 15.16 2.98 3.97 13.9 19.13 78.56 21.44
PV D (pc-Si) 78.1 65.3 75.2 9.9 13.16 2.9 3.71 12.8 16.87 77.34 22.66

Note: i: beginning of wet season and clean (2014); ii: after dry season and dusty (2015); iii: 
after dry season and clean (2015)

Table 7. Degradation rate of PV modules at ROTA
Pmax (W)

PV module Initial 
(1996)

 Beginning 
of summer 

(2014) 

After 
Spring 
(2015)

 Total 
degradation 

after 18 years 
(%)

Degradation 
rate per year 

(%)

PV 1 (a-Si) 40 25.33 24.8 36.68 2.04
PV 2 (pc-Si) 108.2 80.51 78.6 25.59 1.42
PV 3 (mc-Si) 129 94.7 92.2 26.59 1.48

Table 8. Degradation rate of PV modules at PNK
Pmax (W)

PV module Initial 
(1997)

 Beginning of 
wet season 

(2014) 

After dry 
season 
(2015)

 Total 
degradation 

after 17 years 
(%)

Degradation 
rate per year 

(%)

PV A (mc-Si) 100 63.4 60.7 36.6 2.15
PV B (mc-Si) 100 58.2 56.2 41.8 2.46
PV C (pc-Si) 100 75 72.02 25 1.47
PV D (pc-Si) 100 78.1 75.2 21.9 1.29
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