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Abstract 6 

Soiling is the accumulation of dust on solar panels that causes a decrease in the solar 7 

photovoltaic (PV) system’s efficiency. The changes in conversion efficiency of 186 residential 8 

and commercial PV sites were quantified during dry periods over the course of 2010 with respect 9 

to rain events observed at nearby weather stations and using satellite solar resource data. Soiling 10 

losses averaged 0.051% per day overall and 26% of the sites had losses greater than 0.1% per 11 

day. Sites with small tilt angles (<5o) had larger soiling losses while differences by location were 12 

not statistically significant.  13 

1. Introduction 14 

With the rapid increase in the use of photovoltaic (PV) power in California, which has 15 

47% of the installed PV capacity in the US, the optimal management and analysis of expected 16 

performance of PV sites becomes increasingly important. Soiling can have a large effect on 17 

efficiency during long droughts[1], which mainly occur during the summer season coincident 18 

with the largest solar resource. Dust from air pollution particles, sea salt, pollen, agricultural 19 

activity, construction and other anthropogenic and natural sources accumulates on the panels 20 

until it is removed either by rain or washing.  21 

Research on soiling has primarily been conducted in the middle-east [2] due to the large 22 

aerosol loading in the air and the greater abundance of or plans for concentrating solar power 23 

plants that are much more affected by soiling. For a concentrating solar power desalination plant 24 

in Abu Dhabi, UAE soiling was found to be strongest during sandstorms in the summer season 25 

[3]. The transmittance of glass panels after 30 days of exposure in India decreased from 90% to 26 

30% for horizontal and from 90% to 88% for vertical panels [4].  27 

Another more recent study examined the effects of soiling for 250 sites monitored by 28 

PowerLight (now SunPower) [1]. Since several of these sites are in areas with frequent rain their 29 

study focused on sites in the southwestern United States where long droughts are more common. 30 

They also excluded sites with an R2 value between soiling energy losses and time of less than 0.7 31 

which left a total of 46 sites. Between rain events, soiling losses were found to aggregate linearly 32 

with time with an average daily soiling loss of 0.2%. While this paper provides a methodological 33 

foundation for analyzing soiling losses, the site selection criteria may have led to an overestimate 34 

of soiling losses.  35 
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The goals of this study are to quantify performance decrease due to soiling and to provide 36 

guidance on the necessity of cleaning solar panels in California. In Section 2 the PV power 37 

dataset and quality control are described and three different methods for identifying soiling 38 

losses on PV panels are introduced. Soiling results are presented, stratified by location and panel 39 

tilt, and discussed in Section 3. The conclusions are given in Section 4. 40 

2. Data  41 

2.1. California Solar Initiative Sites 42 

 Under the Performance Based Incentive (PBI) program of the California Solar Initiative 43 

(CSI) rebate payouts are based on AC energy output metering in 15 minute intervals [5]. The AC 44 

power produced from 194 San Diego Gas and Electric (SDG&E), 385 Southern California 45 

Edison (SCE), and 403 Pacific Gas and Electric (PGE) sites were obtained for the year of 2010. 46 

These data were then quality controlled one-by-one to eliminate sites that had more than 70 % 47 

missing data, large noise, or inverter clipping of power. In this way, 305 sites with high quality 48 

data were identified. The CSI database also includes the azimuth and tilt angle of the solar 49 

panels.  50 

2.2 Solar Conversion Efficiency 51 

The 15 minute data from the CSI database was aggregated over a day to obtain more 52 

robust efficiency estimates. The estimated solar irradiation from SolarAnywhere (SAW) was 53 

used to model the solar resource for each CSI site. SAW uses satellite images to derive global 54 

horizontal (GHI) and direct normal irradiation (DNI) every 30 minutes at 1 km resolution. 55 

SAW’s solar irradiation shows a typical mean bias error of 3% and no persistent error trends 56 

across the year [6]. Using the daily energy produced from the CSI site ( ஼ܲௌூ) and the daily 57 

incident solar energy modeled from SAW ( ௌܲ஺ௐ), the daily (relative) DC solar conversion 58 

efficiency (ߟ௥) for the solar panels was calculated, controlling for the effects of temperature 59 

 efficiency as follows:  60	஺஼ߟ and inverter	்ߟ

ߟ	 ൌ ஼ܲௌூ

ௌܲ஺ௐ
ሺ1ሻ 

	 ௌܲ஺ௐ ൌ
ௌ஺ௐܫܩ

1000	W	mଶ ௥ܲ௔௧௘ௗߟ஺஼்ߟ	ሺ2ሻ, 

where ܫܩௌ஺ௐ	is SolarAnywhere global irradiation at the plane-of-array transposed using the Page 61 

model [7] and ௥ܲ௔௧௘ௗ is the rated DC power output of the site. PV cell temperature and 62 

temperature efficiency correction were modeled as in [8] and ்ߟ ൌ 1 െ ሺߙ ௖ܶ௘௟௟ െ 25௢Cሻ with 63 

ߙ ൌ 0.5 % K-1, respectively.  Inverter efficiency was modeled using a 3rd order polynomial 64 

versus power factor as in [9]. To be able to intercompare soiling effects between sites, ߟ was 65 

then normalized by its average for the year to obtain a relative performance ߟ௥. 66 

2.3 Rain Data  67 
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Data from the California Irrigation Management Information Systems (CIMIS) were used 68 

to estimate the amount of rain at each CSI site. Hourly data from 134 CIMIS stations were 69 

obtained and quality controlled by examining the difference in daily rain versus the site distance 70 

for each station pair (not shown) leading to exclusion of one CIMIS station. Daily rain data were 71 

linearly interpolated from the 133 remaining CIMIS stations to the CSI sites. 90 CSI sites were 72 

outside the interpolation region and were excluded. Within the interpolation region all CSI sites 73 

were within 50 km from a CIMIS site indicating that the rain data was generally representative of 74 

the CSI sites.  75 

A final quality control was conducted by visually inspecting plots of interpolated rain and 76 

 ௥ exhibited a pronounced parabolic 77ߟ ௥ for each site over the course of the year. At 36 sitesߟ

shape suggesting that the tilt angle in the CSI database was incorrect and these sites were 78 

removed from this study. This left 186 sites, 76 sites from PGE, 75 from SCE, and 35 sites from 79 

SDG&E. 14 sites were found to have a pronounced decrease in ߟ௥ during the summer, 80 

suggesting soiling, but ߟ௥ rapidly increased without a concurring rain event. These sites were 81 

assumed to have a washing system for the PV panel and 0.1 in rain events were manually added 82 

to the data.  83 

2.4 Rain Events  84 

Two main factors control how much soiling exists on a PV panel: the accumulation of 85 

dust which is a function of location and duration of exposure, and the removal of dust through 86 

rain. PV panels are naturally cleaned by rain, but the effectiveness of cleaning varies with the 87 

amount of rain. This was analyzed by averaging ߟ௥ for the week before a rain event (ߟ௕) and for 88 

the week after a rain event (ߟ௔). The difference (ߟ௔ െ  ௕) was then assumed to be the increase in 89ߟ

efficiency that is caused by a rain event. However, no correlation between rain amount and 90 

change in efficiency was observed consistent with [1], probably because the majority of soiling 91 

durations are only 10s of days and during such a short time soiling losses are smaller than other 92 

sources of variations in efficiency. Consequently, only rain events after droughts of at least 31 93 

days (similar to [1] who applied a 20-50 day “grace period”) were considered for this part of the 94 

analysis (Fig. 1). Then, ߟ௔ െ  ௕ increased with rain amount from 0 to 0.1 in of rain and 95ߟ

stabilized at larger rain amounts. This suggests a proportionality relationship for small rain 96 

amounts and a threshold of 0.1 in of rain beyond which the cleaning effectiveness does not 97 

increase.  98 

Consequently, a rain event was defined as a day when more than 0.1 in of rain are 99 

observed and is assumed to restore the panel’s efficiency to that of a clean panel. Rain storms 100 

with multiple consecutive rain event days were combined into one multi-day rain event.  101 



102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

 

Fig. 1 Ch
amount o
in of rain

2.5 Quan

A
soiling ef
there is a
(day 110
beginnin
caused by
periods a

hange in pan
of rain for al
n. 

ntifying loss

As demonstra
ffects were p

a steady decr
). The rain e
g of the year
y random er

are considere

nel efficiency
l CSI sites d

ses due to so

ated in Fig. 2
particularly s
rease in the e
events in the 
r. Note that t
rors in the sa
ed. 

y during a ra
during 2010. 

oiling 

2a, large soil
strong during
efficiency of
fall restore t

the large day
atellite solar

ain event afte
The moving

ling impacts
g the long su
f the PV plan
the PV plant
y-to-day vari
r resource mo

er droughts l
g average is 

s were observ
ummer drou
nt after the la
t to the effic
iability in so
odel that ave

 

longer than 3
computed ov

ved at some 
ughts. At the 
ast rainfall b

ciency observ
olar conversi
erage out wh

31 days vers
ver bins of 0

sites. These
site in Fig. 2

before summ
ved at the 
ion efficienc
hen longer 

4 

sus 
0.02 

e 
2a, 

mer 

cy is 



114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125 

126 

127 

128 

129 

130 

131 

132 

133 

 

Fig. 2a) T
plant in H
methods:
weekly a
event (ve
solar con
drought (
days sinc
(blue) mi

T
used in a
and after
event, the
of	ߟ௕ െ ߟ
performa
averaging
averaging
in Eq. 1) 
the analy

Timeseries o
Hanford Kin
: b) Zoom in
average solar
ertical dashe
nversion effic
ar (௙ in redߟ)
ce last rain in
inus the last 

Three differen
analyzing the
r the rain eve
e amount of 
௔ (the differߟ
ance). The da
g occurs ove
g is used to r
and avoid o

ysis. Also day

of daily solar
ngs, CA in 20
n to before an
r conversion
d line) are u
ciency for th
re used to co
n black. For 
(red) value 

nt methods w
e effects of r
ent (Fig. 2b).
f soiling that 
rence is now
ay(s) of the r
er the week b
reduce noise

occasional da
ys that had a

r conversion
010. Soiling 
nd after the f

n efficiency b
used to comp
he first week
ompute Δߟ௥.
consistency 
of the droug

were used to
ain amount (
. Assuming t
existed prio

w reversed si
rain event ar
before and th
e (e.g. from r
ays of missin
an efficiency

n efficiency ߟ
losses are q

first rain eve
before (ߟ௕ in
pute the soilin
k of the droug
. d) Linear re
with the oth

ght period an

o identify the
(Section 2.4
that the pane

or to the rain 
nce it refers 
re not includ
he week afte
random erro
ng data right
y above 1.5 o

 ௥ and dailyߟ
quantified thr
ent following
n red) and aft
ng effect Δߟ
ght (ߟ௦ in bl
egression of 
her methods 
nd these data

e soiling loss
), uses the av
els are comp
event cause
to soiling lo

ded in the we
er the rain ev
ors in the sate
t before or af
or below 0.5

rainfall for 
rough three 
g the summe
fter (ߟ௔ in blu
௥. c) The weߟ
lue) and the 
f efficiency v
Δߟ௥ is expre

a are used in 

ses. Method 
averages of th
pletely clean 
es an efficien
osses and no
eekly averag
vent. The sev
ellite solar re
fter the rain 

5 were exclu

a 554 kWdc

different 
er drought. T
ue) the rain 
eekly averag
last week of

versus numb
essed as the 
Fig. 3.  

1, which wa
he weeks be
after the rai

ncy decrease
ot recovered 
ging, rather t
ven day 
esource estim
from impact
ded since lar

5 

 

PV 

The 

ge 
f the 
ber of 

first 

as 
efore 
in 
e 

he 

mate 
ting 
rge 



6 
 

excursions are typically a result of an error in the solar resource model. The daily soiling losses 134 

for the drought period are calculated as 	ߟ௕ െ  ௔ divided by the days since the previous rainfall. 135ߟ

The calculations for method 1 are demonstrated in Fig. 2b, where 	ߟ௕ െ ௔ߟ ൌ െ0.28 and the 136 

soiling losses for the preceding 165 day drought period were -0.0017/day.  137 

The second method - similar to the first method - uses weekly averaging, but the 138 

efficiencies averaged over the week after the previous rain event ߟ௦ and the week before the next 139 

rain event ߟ௙ are compared. Days that had efficiency above 1.5 or below 0.5 were also excluded 140 

from the average. Again the daily soiling losses for the drought period are calculated as 	ߟ௙ െ  ௦ 141ߟ

divided by the days since the previous rainfall.  This method can be observed in Fig. 2c, where 142 

௙ߟ	 െ ௦ߟ ൌ 	െ0.41 and the soiling losses for that drought period were found to be -0.0025/day. 143 

The final method calculates soiling losses by applying a linear regression fit to the entire 144 

data during the drought period. The slope of the best fit line is then assumed to be the daily 145 

soiling for that drought. For quality control, droughts when more than 20% of the efficiency data 146 

were above 1.5 or below 0.5 were excluded. Also efficiency data greater than 1.5 or less than 0.5 147 

were not used in the fit. This method can be observed in Fig. 2d, where the soiling losses for that 148 

drought period were found to be -0.0029/day. 149 

Each of these methods has particular benefits and assumptions. The method of choice in 150 

this analysis is method 3, which was previously shown to quantify soiling [1]. Method 3 only 151 

includes the assumption that the efficiency changes are caused by soiling and not by other factors 152 

such as panel degradation and seasonal errors in the SAW resource model. In general, these other 153 

factors are small or should average out over many sites and rain events. Method 3 also uses the 154 

largest amount of data points. Method 2 uses similar assumptions but is limited because it uses a 155 

smaller amount of data. Finally method 1 assumes that the panel is equally clean at the start of 156 

the drought period and after the next rain event such that differences in efficiency are only 157 

related to soiling during that drought period. For long droughts, method 1 has the advantage that 158 

the data used for soiling calculations fall within a continuous 2 week period such that panel 159 

degradation and seasonal errors in the SAW resource model become minimal. Overall little 160 

difference in the overall soiling losses was observed for the different methods (see Fig. 4 later) 161 

indicating that the results are robust. 162 

3. Results and Discussion 163 

3.1 Average soiling losses 164 

 Fig. 3 demonstrates the soiling losses as change in relative solar conversion efficiency 165 

versus time between rain events as calculated from method 3 (Fig. 2d) for all rain events at every 166 

site. The slope of the linear regression gives the average daily soiling losses as 0.00051 per day 167 

in relative solar conversion efficiency. In other words, if a site had an average efficiency of 15% 168 

its efficiency would decrease to 13.89% after a 145 day drought, which is the average of the 169 

longest drought period for each site.  170 

To calculate the losses for each site, a linear regression is fit to the scatter plot of the soiling 171 

losses and drought period for each site. Fig. 4 shows the distribution of soiling losses for the 186 172 
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4. Conclusion 203 

One year of power output from 186 PV sites demonstrated how soiling decreases the 204 

efficiency of solar PV plants. The accumulated soiling effects were found to depend primarily on 205 

the time since the previous rainfall (Fig. 3) and supported previous findings that soiling can be 206 

modeled as a linear degradation [1]. On average losses were 0.00051 per day in relative solar 207 

conversion efficiency. Over an average 145 day summer drought this results in a 7.4% loss in 208 

efficiency. For a 15% efficient PV panel soiling losses over a 145 day drought would decrease 209 

the efficiency to 13.9%. For reference, this is more than an order of magnitude larger than losses 210 

due to cell degradation (typically 0.5% efficiency loss per year or 0.19% in 145 days) [10].  211 

Using a similar method and in a similar geographical region [1] had found four times 212 

larger soiling losses of 0.002 per day. We hypothesize that the elimination of sites with R2 values 213 

less than 0.7 in [1] as well as the limited amount of sites examined caused their soiling losses to 214 

be biased high. Sites with small soiling losses tend to have smaller R2 since random errors in the 215 

solar resource estimates dominate over the correlation between soiling and time since last rain 216 

event. 217 

The distribution of soiling by site is skewed with a few sites showing very large soiling 218 

losses. Of the 186 sites, 48 were found to have soiling losses greater than 0.001 per day. One 219 

factor for these large soiling losses was the tilt angle: sites with a tilt angle less than 5 degrees 220 

had on average 5 times the soiling losses than the other sites. This finding supports that more 221 

soiling accumulates on a horizontal panel as previously found for glass plates in [4]. The large 222 

variability of the data for larger tilts and inconsistent regional trends suggests that soiling is very 223 

site specific. For example some sites could have high winds that are able to clean low tilt panels 224 

while high tilt panels are better cleaned by gravity. Sites in the Los Angeles basin and the Central 225 

Valley Area were found to have larger soiling losses but the differences were not statistically 226 

significant to conclusively determine the location as a cause.  227 

How much additional solar energy could be harvested through panel washing? Manual 228 

washing is expensive and typically only scheduled during the summer drought. We estimates 229 

impacts of one annual washing based on the average soiling losses for each site (Fig. 4) and the 230 

one half the length of the summer drought for each site. On average, the sites would have yielded 231 

0.81% more annual energy if they had been washed halfway through the summer drought period  232 

while some sites would have realized solar energy production increases of up to 4% (Fig. 7).  233 

If an automated cleaning system was installed to clean the sites regularly, larger energy 234 

gains would be possible, on average 9.8% of annual energy. This estimate is calculated by 235 

assuming that the annual maximum of the 30 day moving average efficiency equals the energy 236 

output for a completely clean panel. The extra yield (Fig. 8) is then calculated as the integral 237 

between the efficiency of this clean panel and the actual observed efficiency.  238 
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Tables 280 

Table 1. Soiling losses stratified by tilt angle. 281 

 Number of Sites Mean Soiling Losses 
[10-4 day-1] 

Fraction of sites with 
soiling > 0.1/day [%] 

Tilt < 5 o 12 -18.0 50 
5 o < Tilt < 19 o 90 -5.2 24.4 

Tilt > 20 o 84 -5.3 23.8 
 282 

Table 2. Soiling losses stratified by geographical region. 283 

 Number of Sites Mean Soiling Losses 
[10-4 day-1] 

Fraction of sites with 
soiling > 0.1%/day 
[%] 

San Francisco Bay 47 -4.8 12.8 
Central Valley 29 -5.8 24.1 
SCE 75 -8.3 41.3 
SDG&E 35 -2.7 11.4 
 284 


