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Saharan dust intrusion over Spain in March 2022.
Picture taken by DLR in Almeria, southern Spain



Introduction to Soiling

Definition DLR

Soiling is the accumulation of different particles (dust, sand, bird drops,...) on the surface of PV
modules.

A Mineral dust B Bird droppings
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[1] llse et al. (2019), https://doi.org/10.1016/j.joule.2019.08.019.

Impact

« Soiling causes power losses (> 50% in some locations).
* Itincreases the O&M costs.
« More uncertainty on the prediction of PV production.
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Introduction to Soiling

Impact

Soiling absorbs, reflects and scatters part of the
iIncoming sunlight.

Soiled glass surface Clean glass surface
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Soiling accumulation depends on:

a) Site characteristics: Concentration of airborne particulates, particle size, soil type,
meteorological conditions, ...

b) PV array: Non-uniform soiling distribution caused by uneven large surface, wind interaction
between rows, wind patterns, ...

c) PV.module: Tilt angle, clearance height, mounting, PV module construction (frameless), ...
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Introduction to Soiling

Economic impact in the PV sector

« 3 to 4 billion € lost in 2018 [1].
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DLR
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« Some scenarios forecast global annual soiling
losses higher than 10 billion € in 2026.
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Figure created by Leonardo Micheli

[1] llse et al. (2019), https://doi.org/10.1016/j.joule.2019.08.019.
[2] IEA PVPS Task 13 (2022), “Soiling Losses — Impact on the Performance of Photovoltaic Plants”, https://iea-
International Conference on Sustainable Energy Systems (ICOSES) 2025 — Alvaro Fernandez pvps.org/wp-content/uploads/2023/01/IEA-PVPS-T13-21-2022-REPORT-Soiling-Losses-PV-Plants.pdf
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Introduction to Soiling

Metrics DLR
Soiling Ratio
Ratio l_oetween the_ electricgl output of SRatio = Zsoiled (Z> 1,00 P, )
the soiled PV device and its electrical Zclean
output in clean conditions.
(IEC 67124-1 Standard) SRatio = 1 in clean conditions SIL =1 — SRatio
SRatio < 1 in presence of soiling
Soiling Rate -
Daily rate of change in soiling ratio 100] o Sh PR cind o |
. . . . o0 ‘2, ':"h':‘ . ue ; se’ =
during accumulation periods, typically -\& \\ b \"{.-"--!. e od
long dry periods (= 14 days) expressed in 095 ] . £
%/day. 2 B o
In desert sites, soiling rates up to 2.5 - ot
%/day have been observed [1]. g
ol | | A \l. 1ol .

[1] llse et al. (2019), https://doi.org/10.1016/j.joule.2019.08.019. Jul 20 Sep 20 Nov 20 Jan 21 Mar 21 May 21
International Conference on Sustainable Energy Systems (ICOSES) 2025 — Alvaro Fernandez Source: Fernandez-Solas et al. (2022), https://doi.org/10.1016/j.energy.2022.123173.



https://doi.org/10.1016/j.joule.2019.08.019
https://doi.org/10.1016/j.energy.2022.123173

Introduction to Soiling ‘#7
DLR

Soiling of PV Systems — A global issue

Some old myths vs reality about soiling on PV systems:

Myth 1: Rain cleans the modules effectively
Reality: While rain may remove some loose dirt, it often leaves behind cemented dust, pollen,
and other deposits. These kinds of soiling require mechanical or professional cleaning to avoid

persistent energy losses.

Myth 2: A single cleaning per year (typically in summer) is sufficient
Reality: Soiling rates vary throughout the year; seasonal changes, bird droppings, and pollution
require a more frequent cleaning schedule for optimizing PV performance.

Myth 3: Clipping losses* completely eliminate soiling losses
Reality: Soiling reduces power generation before clipping even occurs, leading to lower overall
energy Yyield, especially during non-peak hours.

*Clipping losses occur when the modules generate more power than the inverter can handle (Ppc py > P inverter)

For more details on this topic, do not miss Leonardo Micheli’s talk!
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Introduction to Soiling

Soiling of PV Systems — A global issue: the case of Europe DLR

The impact of soiling on PV has been typically overlooked in Europe.
Rainy locations were commonly considered as soiling-free.

PV-System Tiergarten West, BFH-TI, Burgdorf:

.Sj 8° Trend of the generator correction factor in summer (April-September)
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A : = HSU model with Variable Deposition Model |- 15 £ > ~+Period 3
;.;; ‘ e Rainfall F: -13 0.90 1 _;::::x:
'_3 10 ; l10 ".i_ _E 0.85 § |-+-Period 6
Yo & Period 7
;%D - 5 080§ 1‘ \\\\‘! 4 \=-Period 8.
o O © ] . 5th cleaning
%) 0O g 075 1 1st cleaning 3rd cleant I ‘
§ 2nd cleaning 6th cleaning l
0 S 0.70 t 4th cleaning
0 S p6s | th
Jan 2020 Apr 2020 Jul 2020 Oct 2020 Jan 2021 Apr 2021 Jul 2021 & cleaning
0.60 . . . , . - . . . . . ’
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Assessment of two different PV soiling models against actual soiling - _
measurements in a suburban area in Madrid, Spain [1]. Important soiling losses in a PV system near a

railway station in Switzerland - site with frequent
and important precipitation events [2].

[1]J. Polo et al. (2021), “Modeling soiling losses for rooftop PV systems in suburban areas with nearby forest in Madrid”, Renewable Energy, https://doi.org/10.1016/|.renene.2021.06.085
[2] IEA PVPS Task 13 (2022), “Soiling Losses — Impact on the Performance of Photovoltaic Plants”, https://iea-pvps.org/wp-content/uploads/2023/01/IEA-PVPS-T13-21-2022-REPORT-Soiling-Losses-PV-Plants.pdf
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Introduction to Soiling
Soiling of PV Systems — A global issue: the case of Europe DLR

Increase in both the frequency and intensity of Saharan dust
Intrusions over Europe in the last decades [1].
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A Saharan dust cloud engulfing

the skies over France, Spain
and Portugal on 15 March 2022.

Impact of two Saharan dust intrusions on the soiling
profile of a site located in Evora, Portugal [2].

[1] P. Salvador et al. (2022) , “Increasing atmospheric dust transport towards the western Mediterranean over 1948—

2020,” https://doi.org/10.1038/s41612-022-00256-4

[2] R. Conceigéo et al., “Saharan dust transport to Europe and its impact on photovoltaic performance: A case study
International Conference on Sustainable Energy Systems (ICOSES) 2025 — Alvaro Fernandez of soiling in Portugal,” https://doi.org/10.1016/j.solener.2017.11.059
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Introduction to Soiling
Research on PV soiling
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Evolution of the number of publications about PV soiling in the last two decades.

SCOPUS-indexed publications that contain the terms “soiling” OR
“photovoltaic” in the title , abstract or keywords.

lld ust"

AND

Countr Number of

y publications
India 482
China 395
EEUU 391
Saudi Arabia 141
Spain 123
UK 122
UAE 114
Germany 106
Morocco 95
Iraq 89
Qatar 88

Relevant number of contributions from countries located in the MENA region (5 countries in the Top-11).
Even countries that were typically considered soiling-free (Germany and UK) are actively conducting research on the topic.
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Introduction to Soiling
Research on PV soiling

Modelling of
Losses

This talk + “Soiling modelling through Python” by Mr. Thore Muller

Soiling
Monitoring and

Quantification

“Combining Quantitative Soiling Detection and Thermography for
Improved Solar Field Performance
Optimization” by Dr.-Ing Fabian Wolfertstetter

Mitigation and
Cleaning

PV Soiling Research Lines

aspects of
Soiling

[ Economic

“Status, perspectives and challenges in soiling mitigation” by
Dr. Leonardo Micheli

International Conference on Sustainable Energy Systems (ICOSES) 2025 — Alvaro Fernandez
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PV Soiling Modelling
Introduction and overview of modelling approaches
 Is it possible to estimate soiling losses prior the construction of a PV system?

« Which models have been developed and are now available?
 Inputs, methodology, complexity and outputs.

Environmental- Machine learning
based models - models
Soiling
modelling
approaches

Estimation from
Physical models PV performance
data

i DLR
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Environmental-based and physical models

v' They make possible to know the impact of soiling at a site prior to the PV system installation

Analysis of environmental : : -
y t 4 PV svat -4 Calculation of the dust Calculation of the soiling losses
parameters an System density accumulation

configuration

ESEEe 3+ - |

)

[
(o2} [ee] o

Daily Soiling Loss [%]
5

N

=

2018 2019 2020 2021 2022 2023

List of physical and/or environmental-based models
« Kimber - Fixed-Rate Precipitation (FRP) model: http://dx.doi.org/10.1109/WCPEC.2006.279690
* Coello - HSU model: http://dx.dol.org/10.1109/JPHOTOV.2019.2919628
* You: https://doi.orq/10.1016/|.apenerqy.2018.07.020
* Toth: https://doi.org/10.1109/JPHOTOV.2020.2983990
« Bergin: https://pubs.acs.org/doi/10.1021/acs.estlett.7b00197
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PV Soiling Modelling
Environmental-based and physical models

DLR

Soiling Model

Inputs

Complexity

Limitations

Pvlib integrated?

Kimber (FRP)

Precipitation

Soiling rate

Cleaning threshold
Maximum soiling loss
Grace period w/o soiling

Does not consider the PV configuration (e.qg. tilt angle).
Assumes full cleaning by rain if accumulated precipitation
> threshold.

Choice of soiling rate highly depends on soiling type,
location and configuraton > Needs previous
experimental data for calibration.

Yes:
pvlib.soiling.kimber —
pvlib python 0.12.0
documentation

Coello (HSU)

Precipitation

Surface tilt

Particulate Matter (PM)
Cleaning threshold
Deposition velocities

Low - Medium

Assumes full cleaning by rain if accumulated precipitation
> threshold.

Selection of deposition velocities may require local
calibration.

Model-derived PM data may not consider local sources of
soiling and may be not fully reliable.

Yes: pvlib.soiling.hsu —
pvlib python 0.12.0
documentation

You et al. « Deposition velocity Low - Medium Same as in Coello’s model. No
* Length of dry periods
« Particulate Matter (PM)

Bergin et al. » Different Particulate Matter types. High Does not consider wind as a potential cleaning agent. No
»  Optical properties of the different Complex to collect all the PM components.

PM species. Not all the PM species are removed by the same rain
intensity.
Toth et al. *  Precipitation Medium Rain as a potential cleaning agent (only removes coarse | No

*  Surface tilt
« Particulate Matter (PM)
concentrations.

particulates — PM; ., 5).
Requires local calibration.

International Conference on Sustainable Energy Systems (ICOSES) 2025 — Alvaro Fernandez
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PV Soiling Modelling

Environmental-based and physical models DLR
Kimber — Fixed-Rate Precipitation (FRP) model

« Only considers rain as responsible of soiling removal.

« It assumes dust accumulates at a steady rate until a rain event or a manual cleaning.

« It considers that daily total precipitation must reach a certain threshold to completely clean the modules.
« A grace period could be specified - Number of days after a rain event without soiling accumulation.

« The user can also specify a maximum limit of soiling loss, even without cleaning.

Soiling Rate = 0.15 %/day; Cleaning Threshold = 5.0 mm/day

—— Soiling loss

w= = CT =50mm
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A
=)

N
o
w
]
m

[ o8]
o

&
S
Daily precipitation [mm]

N
(9]

=
o

Soiling Loss [%]
i

wu
l_l.
o

[ 9]

I U || r-b oAt A

al Ii L I ||| J s I il 1 1 d |
01-Jan 01-Mar 01-May 01-Jul 01-Sep 01-Nov 01-Jan

International Conference on Sustainable Energy Systems (ICOSES) 2025 — Alvaro Fernandez



PV Soiling Modelling

Environmental-based and physical models DLR
Kimber — Fixed-Rate Precipitation (FRP) model

Fixed Cleaning Threshold — Different Soiling Rates

Cleaning Threshold = 5.0 mm/day

—— SRate = 0.05 %/day 4-> Avg. Soiling Loss = 2.19% w= = CT =50mm
SRate = 0.15 %/day 1-> Avg. Soiling Loss = 6.56% mmm Rain 40
—— SRate = 0.3 9%/day --p Avg. Soiling Loss = 13.11% —
40 1 /day g g 35'¢
—_ -
(=) | | -
i 30 g
301 -
7 255
3 I
| a
o)) 20 S
£ 201 @
—_ _
e 15a
0] >
] 10 ©
10 A
e — —5
. , .
01-Jan 01-May 01-Sep
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PV Soiling Modelling

Environmental-based and physical models DLR
Kimber — Fixed-Rate Precipitation (FRP) model

Common Soiling Rate — Different Cleaning Thresholds

Soiling rate = 0.15 %/day

—— CT =1 mm --> Avg. %oiling Loss = 2.81% Bl Rain
CT = 3 mm --> Avg. $oiling Loss = 5.21% r40
| =—— CT =5 mm --> Avg. $oiling Loss = 6.56% —
20 " 135 £
—— CT =10 mm --> Avg.|Soiling Loss = 7.85% =
o |y
.E’;. 30 g
154 -
0 2542
3 I
o -20.8—
£ 101 O
e 15 a
0p] >
10’
2 )
-5
: n.l | 1 L " . 1l . | - 1 :
01-Jan 01-Mar 01-May 01-Jul 01-Sep 01-Nov 01-Jan
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Environmental-based and physical models
Coello — HSU model

It considers particulate matter (PM) concentrations and precipitation intensity as drivers of soiling
accumulation/removal.

It assumes that a day with precipitation higher than a threshold restores the soiling loss to 0.
Sometimes, rain does not completely clean the modules & using a daily threshold may not be an
accurate approach to model the soiling removal.

Soiling loss SL(d) = 0.3437 - erf(0.17 - w(d)?8473)

Accumulated mass density-— w(d) = Z[(vlo_z_s «PMyy_5c) + (vyc - PM,<c)] -t - cos(8)

Settling velocities Tilt angle

* Implemented in pvlib — Python library: HSU Soiling Model Example — pvlib python 0.12.0 documentation

International Conference on Sustainable Energy Systems (ICOSES) 2025 — Alvaro Fernandez


https://pvlib-python.readthedocs.io/en/stable/gallery/soiling/plot_fig3A_hsu_soiling_example.html

PV Soiling Modelling

Environmental-based and physical models DLR
Coello — HSU model

It considers particulate matter (PM) concentrations and precipitation intensity as drivers of soiling
accumulation/removal.

Common Cleaning Threshold — Different deposition velocities
Cleaning Threshold = 5.0 mm

121 — Dep. velocity = 0.1 cm/s --> Avg. Soiling Loss = 0.49% == CT =50mm
Dep. velocity = 0.5 cm/s --> Avg. Soiling Loss = 1.91% mEmm Rain 40
—— Dep. velocity = 1.0 cm/s --> Avg. Soiling Loss = 3.41% —
10 p y / g g 135 €
—_ -
(=] | —_
S, g 30 c
0 1255
o +—
— 6 =
=) 20'5
£ 0]
S 4. 15 &
n >
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PV Soiling Modelling
Environmental-based and physical models DLR

Coello — HSU model (Modified) - Rain is not a perfect cleaning agent®,

To assess the completeness of cleanings due to rain, the _ accumulated mass after rainfall > CT
model can be modified by introducing a new parameter, Cleaning Factor =1 —
called “Cleaning Factor”.

total accumulated mass

Deposition velocity = 1.0 cm/s; Cleaning Threshold = 5.0 mm

14 1
—— Cleaning Factor = 0.2--> Avg. Soiling Loss = 6.61% gL cresomn

12 —— Cleaning Factor = 1 --> Avg. Soiling Loss = 3.41% 40
-35 £
-
— 10_ —_
é 30 -
o]
QA 8- 255
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) ) i ) @Hanrieder et al. (2021). “Why Natural Cleaning of Solar Collectors Cannot be Described Using Simple Rain Sum
International Conference on Sustainable Energy Systems (ICOSES) 2025 — Alvaro Fernandez Thresholds”, doi:10.18086/swc.2021.37.02
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PV Soiling Modelling
Environmental-based and physical models

Coello — HSU model (Madified) - Rain is not a perfect cleaning agent.

DLR

Perfect cleaning Partial cleaning (10%)

.....

N
Irradiance-Weighted Soiling Loss [%/y]
Irradiance-Weighted Soiling Loss [%/y]

0 0
0 Average annual soiling loss of 1.0%. o Average annual soiling loss of 5.3%.
o Significant uneven distribution of losses across the o0 Peaks > 10% in some regions of the southernmost
continent. countries (Spain and Turkiye).
* Maximum annual losses of ~3.5% in some o Minimum losses, with median values of ~3% in the
regions of the southernmost countries (Spain, northern countries.

Turkiye and Greece).
 Minimum losses (<0.5%) in the northern
countries (Sweden, Norway, Ireland)

Fernandez-Solas et al. (2025) , “Photovoltaic soiling loss in Europe: Geographical distribution
and cleaning recommendations,” https://doi.org/10.1016/j.renene.2024.122086
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PV Soiling Modelling

Machine Learning models DLR
ML Models Trained with Field Data
ML mOdels have been deveIOpEd as %10 (a) - + Experiment DSL | XGBoost LGBoost  ( CatBoost
an alternative to physical models. 2 Py | . |
F-E *:,s X (70 _ Glad : G
They can be Usefl.JI When acCess t_o ML Models Trained with Satellite Data
fleld-Observed enVII’Oﬂmen’[aJ data IS glo (b) + Experimental DSL 1 XGBoost LGBoost ) CatBoost
not possible. i +
o 51 ﬁ . | :
They do not outperform physical Lt g e WEG , ool |
models when trained with field Physical Models based on Field Data
ObSGI‘V&tIOﬂS glo- (c) + Experimental DSL Kimber Coello 0 You
;3 & £ v -
See results by Lopez-Lorente et al. [1]. & | Wnd  Saer S
% g A P
N We We

lime (Month-Year)

Loépez-Lorente et al. (2023) , “Characterizing soiling losses for photovoltaic systems in dry
climates: A case study in Cyprus,” https://doi.org/10.1016/].solener.2023.03.034
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PV Soiling Modelling ‘#7
DLR

Machine Learning models
Modelling Cleaning by Rain

As presented before, many PV soiling models use a threshold approach to model the cleaning
by rain:

Thresholds from literature: 0.3 to 20 mm daily rain sum

However:
» Rainfall often results only in partial cleaning
= Some dirt might never be washed away just by rain
= Other parameters might be influential besides the accumulated precipitation.

Norde Santos et al. (2024) , “Cleaning of Photovoltaic Modules through Rain: Experimental Study and Modeling
Approaches,” https://doi.org/10.1002/s0lr.202400551
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PV Soiling Modelling

Machine Learning models
Modelling Cleaning by Rain

= Testing of two different statistical learning
models and comparison against threshold
approach [1]. Validation with data from >30
soiling stations in Africa.
* LR model.
= Random Forest model.

= | R shows overall lowest error metrics.

Norde Santos et al. (2024) , “Cleaning of Photovoltaic Modules
through Rain: Experimental Study and Modeling Approaches,”

https://doi.org/10.1002/s0lr.202400551

International Conference on Sustainable Energy Systems (ICOSES) 2025 — Alvaro Fernandez

i DLR
MAE | RMSE | Bias
[Yopt.] | [Yopt.] | [Yopt.]

Linear regression (LR) 1.36 1.85 0.03

Random forest (RF) 1.14 2.15 -0.19
Threshold 1 mm 1.49 2.29 -0.21

S

c 35 4 x random forest

-f:) v linear regression

5 307 threshold = 1 mm

EJ 254+ —— 1l:1line
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https://doi.org/10.1002/solr.202400551

PV Soiling Modelling

10 %

Machine Learning n g g LR
. . l's g <X MAE | RMSE | Bias
Modelling Cleaning by Rai g v, [%pt.] | [%pt.] | [%pt.]
= Testing of two different| | LR ession (LR) 136 |1.85  0.03
models and compariso| £ +y — xx S rest(RF) | 1.14 | 215  -0.19
i i ? v X%
approach [1]. Validatioy ¢ x SRS x 1 mm 149 229 -021
solling stations in Africg § * S
* LR model. =L | p AT |
= Random Forest mq 0 2 4 6 8 10 .| x random forest

observed soiling loss reduction [%]

v linear regression
threshold = 1 mm
1:1 line

= | R shows overall lowest devia metrics.

i

= Threshold approach underestimates t L recovery in many cases,
but overestimates it in others.

'—I

(9]

1
N\

= Rain events with increase of soiling are not captured correctly by
either model.

soiling loss reduc
N
o

Norde Santos et al. (2024) , “Cleaning of Photovoltaic Modules
through Rain: Experimental Study and Modeling Approaches,”
https://doi.org/10.1002/s0lr.202400551
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PV Soiling Modelling

Machine Learning models DLR
Soiling Forecasting

-
<

—+Electrical losses due to soiling (%) -~ARMA (1, 1) Model N=237

21=0.9814
b1=-0.6036
AIC=830.9543
NMBD=1.16%
Average=2.78%

Amago-z 67%

£
i

» Predictions of soiling losses based on
historical information.

@
e —

~J
A

= Use of an autoregressive-moving-
average model by Ballestrin et al. [1].
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i [Electrical losses due to soiling (%)]
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SL (1) | Autosore SL(t) e a
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Ballestrin et al. (2022) , “Soiling forecasting of solar plants: A combined
heuristic approach and autoregressive model ,”
https://doi.org/10.1016/|.enerqy.2021.122442
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PV Soiling Modelling
Losses estimation from PV performance data
Stochastic Rate and Recovery (SRR) Method [1]
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Deceglie et al. (2018) , “Quantifying Soiling Loss Directly from PV Yield,”
DOI:10.1109/JPHOTOV.2017.2784682



PV Soiling Modelling
Losses estimation from PV performance data DLR

Soiling profile extraction through change points detection [1]
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Micheli et al. (2021) , “Improved PV Soiling Extraction Through the
Detection of Cleanings and Change Points,”
https://doi.org/10.1109/JPHOTOV.2020.3043104
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Saharan dust intrusion over Spain in March 2022.
Picture taken by DLR in Almeria, southern Spain



Conclusions and Outlook #
DLR

» Soiling In PV systems is an important topic within O&M activities, as it can lead
to significant energy losses.

» Soiling affects PV plants across a wide range of environments, not just in arid or
dry regions.

» Soiling modelling approaches based on physical models are still the most
popular.

» Rainfall alone should not be considered a fully effective cleaning mechanism.

» Soiling models should be used alongside monitoring approaches to support
ongoing model development and adaptation.
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Saharan dust intrusion over Spain in March 2022.
Picture taken by DLR in Almeria, southern Spain



Modelling Cleaning: Ground Data from the WAPP Stations A#y
~'R

= 1 year soiling loss and precipitation measurements

= 33 measurement stations distributed across West
Africa

» Measurement campaign conducted by Yandalux
Solar GmbH and CSP Services GmbH as part of a
World Bank Project
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Time series of soiling losses and rainfall sums of the station Malanville Nord t al. 2024
in Benin, from 202-D8-08 to 202208-09. orae et al.



PV Soiling Modelling ‘#7
DLR

Environmental-based and physical models
Kimber — Fixed-Rate Precipitation (FRP) model

Fixed CT — Different Soiling Rates

Soiling Rate = 0.05 %/day; Cleaning Threshold = 5.0 mm/day
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PV Soiling Modelling ‘#7
DLR

Environmental-based and physical models
Kimber — Fixed-Rate Precipitation (FRP) model

Fixed CT — Different Soiling Rates

Soiling Rate = 0.15 %/day; Cleaning Threshold = 5.0 mm/day
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PV Soiling Modelling ‘#7
DLR

Environmental-based and physical models
Kimber — Fixed-Rate Precipitation (FRP) model

Fixed CT — Different Soiling Rates

Soiling Rate = 0.3 %/day; Cleaning Threshold = 5.0 mm/day
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