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ABSTRACT

The performance of a PV module will degrade due to fouling.
Most of the PV panels installed in Europe is installed in a humid temperate climatic
zone with no dry seasons or with dry summers. The recommended cleaning cycle
for the latter is weekly or bi-weekly and for the first it is less frequent. However, it
is stressed that close to human activity, the recommended cleaning cycle might be
as frequent as daily. Since Europe is densely populated and have high traffic- and
industry density, frequent cleaning is assumed to be essential for PV modules
installed most places in Europe.
Micro fibre cloths have shown to be good alternative for water and detergent for
dust removal and cleaning of hard surfaces indoors. The cloths should be used with
damp to reduce the wear on the surfaces.
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Literature review: Cleaning of solar modules
Introduction
There are many factors determining the power output of a photovoltaic (PV) module. One factor that directly
affects the performance is the fouling of the front cover (mostly glass or a polymer) from the environment in
which the module is placed. Many groups have been studying the effect of shading due to fouling or dust
accumulation and it is clear that shading has a prominent negative effect on the power output from a PV
module. Sarver et.al (2013)i have written an extensive review of the impact of dust on the use of solar energy
and Maghami et.al (2016)ii have written an updated review on the same topic. A table listing selected
reported dust effects on solar (solar PV and thermal) from these reviews are given in the appendix in Table 6.
An example of the degradation of module performance as function of solar intensity and dust thickness is
given in Figure 1. The dust thickness accumulation as function of time will vary with diverse site-specific
environmental and weather conditions, tilt angle of the PV modules, the type of soiling agent and also the
texture of the front glass. One quite old, but frequently sited article from Ryan et.al (1989)iii concludes that
the ratio of the short-circuit current to the insolation for an unwashed array decreased at a rate of 1.4% per
year, see Figure 2. The authors concluded that this rate appeared steady and did not show any signs of
levelling out or accelerating. The site for these arrays was in Eugene in Oregon. The site specific climate and
air pollution parameters are described in the figure-text and might not be too different from typical European
installations.
Based on the knowledge that fouling is detrimental for PV performance, cleaning of the module surface is
essential. In this review we will focus on the mechanism and types of fouling and how to clean the modules
after fouling.

Figure 1: PV module degradation for various solar intensities as a function of dust thickness from
Mailutha et. al (1994)iv
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Figure 2: Plot of the clear day short-circuit current in mA of a solar cell array from 11 to 12 o'clock
divided by the incident solar radiation in W/m2. The lines represent the linear least square fits. The
panel was located on the roof of the physics building at the University of Oregon in Eugene. Eugene is
located in the verdant Willamette valley. From late October through May it rains on fairly regular
basis. During the summer it rains only occasionally. In August and September the skies are filled with
particulates and smoke form field and slash burning. The physics building is located across a plant
which burns sawdust to produce steam and electricity. The plant has received awards for its pollution
control records, but it never the less occasionally dumps soot which fell on the arrays. The ratio of the
short-circuit current to the insolation for the unwashed array decreased at a rate of 1.4% per year.
The authors concluded that this rate appeared steady, but with seasonal variations, and did not show
any signs of levelling out or accelerating.

The time dependency of degradation
The time dependency of degradation of the module performance varies a lot. More than 500 articles have
been published on this topic. They all emphasise the necessity of cleaning PV panels on a regular basis.
There are several numbers reported in the 1980s from the Middle East as summed up by Ghazi et. al.
(2014)v: Sayigh et al. (1985)vi investigated the effect of dust accumulation on tilted glass plates located in
Kuwait and found a reduction in plate-transmittance by an amount ranging from 64% to 17% for tilt angles
ranging from 0° to 60°, respectively, after 38 days of exposure. In addition, a reduction of 30% in useful
energy gain was observed by a horizontal collector after 3 days of dust accumulation. A study by Salim et al.
[8] discusses the long-term dust accumulation on a solar-village PV system near Riyadh, Saudi Arabia,
which indicated a 32% reduction, after 8 months, in performance of the solar array due to dust accumulation.
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This was in comparison with an identical PV system tilted at 24.6° that was cleaned daily. On similar lines, a
study carried out by Wakim (1981)vii in Kuwait city showed a reduction in PV power by 17% due to sand
accumulation on panels after 6 days. Further, the study also highlighted that the influence of dust on PV
performance was higher in spring and summer (20% in 6 months) than in autumn and winter. The Middle
East is, in one aspect, a worst case scenario due to high dust intensity in the air and the occurrence of sand
storms. For example, in just one hour, a desert sand storm can plaster a solar panel with a thick layer of
residue, reducing their efficiency by up to 70–80%v. If the panels are not cleaned regularly or almost daily,
they become practically useless. It does not, however, mean that the challenge with reduced efficiency due to
fouling is a challenge restricted to arid and desert zones. In one of the cleanest regions of the world, the UK,
it was discovered that dust effect reduces the solar intensity by 5–6% if the panels were not cleaned after one
monthviii. Mani et.al. (2010)ix have grouped several results into climatic zones and gives a general
recommendation of mitigation measures against (likely) impact of dust accumulation on PV performance for
each climatic zone. Their recommendations are given in Table 1. As we will see later in this report, Figure 5,
central Europe falls within two climatic zones. Most of central Europe has a humid tempered climate with no
dry seasons. In the coastal areas in the southern part of Europe there are a humid tempered climate with dry
summers. According to Mani et. al.'s recommendations, the climate in central Europe does not require an
intense cleaning cycle due to the climate, but close to human activity the panels might anyhow require
weekly cleaning. In the south (Mediterranean climate in the table) weekly or biweekly cleaning is
recommended. Close to industry even daily cleaning might be necessary.
After 1990 many experiments have been conducted to test the effect of dust on the solar panels in terms of
the collected power, the effect of particle size, the effect of wind on the accumulated dust, and the effect of
different types of dust.
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Table 1: General recommendation of mitigation measures against (likely) impact of dust accumulation
on PV performance from Mani et.al. (2010)ix

a

) Benders-Hyde E. World climatic zones; 2006 Retrieved July 2008 http://www.blueplanetbiomes.org/climate.htm.

PROJECT NO.
Project No.

REPORT NO.
Report No.

VERSION
1

7 of 36

Fouling mechanisms
The terms dust and sand usually refer to solid inorganic particles that are derived from the weathering of
rocks. In the geological sciences, sand is defined as mineral (i.e., rock-derived) particles with diameters
between 62.5 and 2,000 µm, whereas dust is defined as particles with diameters smaller than 62.5 µm (note
that the boundary of 62.5 µm differs somewhat between particle size classification schemes)x. In the
atmospheric sciences, however, dust is usually just defined as the material that can be readily suspended by
wind. According to this definition, dust can comprise small amounts of pollen (vegetation, fungi, bacteria),
human/animal cells, hair, carpet and textile fibres (sometimes termed microfibers), and, most commonly,
organic minerals from geomorphic fall out such as sand, clay, or eroded limestone.i
From the performance characteristics in Figure 3, the degradation in the PV performance depends not only
on the dust deposition, but also, on the kind of dust and its size distribution. Finer dust accumulation on the
surface has a much greater negative effect on PV performance (for every case) than that of coarser
particles.It has also been reported that polluted dust has more negative effect than "clean" dust and sand.

Figure 3: PV performance (current to the left and effect to the right) as function of dust accumulation
and particle sizei
The mechanism of fouling will vary with both environment and the panel type and -position. The
environment in which a panel is placed will decide which kind of fouling and how effective it will
accumulate on a given panel. See Figure 4.
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Figure 4: Schematic illustration of the air pollution path in the atmospherexi.
In addition to energy reduction, some soil patches such as leaves, bird droppings and dirt patches that block
some cells of a PV module but not the whole, have a severe effect on PV modules. In this condition the
shaded cell acts as a resistance to current generated from the other cells. This causes the shaded cell to heat
up and leads to a hot spot that can eventually damage the modulexii xiii
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Relevant fouling mechanisms in Europe
Unlike the most sun rich areas in the world, Europe is not normally haunted by sand storms. Compared to
parts of North Africa, the Middle East and parts of South East Asia, where sandstorms is a major concern,
Europe has a humid climate. According to Figure 5, only the coastal areas in south Europe has a dry season
(summer). Not surprisingly, the world's most arid areas have also a high dust intensity, see Figure 6. The
dryness of an area is not the only factor determining the dust intensity (volcanic activity is another important
variable), but it clearly plays an important role. Most parts of Europe has no dry season and has either a
humid temperate or humid cold climate. There are no large desert areas and no extensive volcanic activity
(except on Island and in Italy). The studies from the arid (or volcanic active) parts of the world will therefore
not necessarily be applicable for Europe.
Europe is one of the most densely populated areas in the world, see Figure 7, has a high density of industry
and traffic and has a relatively long coastline. Together with the humid climate, these factors will affect the
air quality and the dust characteristics. The dust composition will affect how much the power output of a
dirty panel will deteriorate, but it will also affect the optimum cleaning cycles and method. As mentioned
earlier, Table 1 gives a general recommendation for cleaning cycles based on the climatic zone. It is,
however stressed that proximity to human activity will most likely increase the fouling rate and thereby
increase the recommended cleaning frequency up to daily.

Figure 5: The climate zones of the worldxiv
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Figure 6: Dust intensity around the worldii

Figure 7: Population density; the number of people per unit of areaxv
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Figure 8: Map of Solar farms in Europe (yellow circles)xvi
Comparing the maps in Figure 5 - Figure 7 with the map in Figure 8; it can be seen that the European solar
farms are mainly located in two main climatic zones. Where most of them are located in humid and
temperate climate with no dry season and inland, there are also solar farms located close to the coast in
humid and temperate climate with dry summers (Figure 5). Further it can be noted that Europe has not the
highest dust intensity in the world (Figure 6), but has a high population density (Figure 7). These
observations will affect the type and mechanisms of fouling. For example, rain and wind can act as natural
cleaning, but rain in small amount and humidity might increase the deposition rate of dust.
In 2001, Kimber et al. studied the effects of soiling on large grid connected PV panels in California, United
States. The data gathered from this study indicated some interesting facts about the effect of rain on PV
modules. After a slight rain, the efficiency of some PV panels declined sharply, whereas the performance of
other panels were improved. The authors concluded at least 20 mm rainfall is needed to clean the surface of
PV system, otherwise the system will continue to experience power loss due to the dust and soil deposition,
in areas with heavy sand deposition, however, it has been reported that sprinkling with water without
scrubbing is insufficientxvii.
Air pollution in Europe
Various chemicals are emitted into the air from both natural and man-made (anthropogenic) sources. The
quantities may range from hundreds to millions of tonnes annually. In recent decades, major efforts have
been made to reduce the anthropogenic air pollution in Europe. The most pronounced effect is observed for
sulphur dioxide: its total emission was reduced by about 50% in the period 1980–1995xviii. In 2012, large
parts of Europe (see Figure 9) had a SO2 annual mean value bellow the limit values set in the directive
(2008/EC/50) for protection of vegetationxix. The limits are; SO2 annual mean value may not exceed 20
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µg/m3 and the SO2 mean value for the winter period (1st October to 31rd March) may not exceed 20 µg/m3.
Reduction of emission of nitrogen oxides was smaller and was observed only after 1990: total emission
declined by about 15% in the period from 1990 to 1995xviii. Trends in concentrations of other pollutants in
urban air, such as nitrogen dioxide or particulate matter, are less clear. It is therefore important to use up-todate information, if it exists, for the air quality when considering fouling of PV panels.

Figure 9: In the air quality directive (2008/EC/50), the EU has set two limit values for sulphur dioxide
(SO2) for the protection of vegetation within the zones designated by member states: the SO2 annual
mean value may not exceed 20 micrograms per cubic metre (µg/m3) and the SO2 mean value for the
winter period (1 October to 31 March) may not exceed 20 micrograms per cubic metre (µg/m 3).
Outdoor air pollution can originate from a single point source, which may affect only a relatively small area.
More often, outdoor air pollution is caused by a mixture of pollutants from a variety of diffuse sources, such
as traffic and heating, and from point sources. In addition to those emitted by local sources, pollutants
transported over medium and long distances contribute further to the overall level of air pollution.

Dust concentrations
The World's Health Organization (WHO) and the European Environment Agency (EEA) collects and
monitors the air quality in Europe. Their focus is on human health hazards, but it is never the less valuable
data for the air quality in Europe in general. The dust concentrations on several locations, both at background
stationsxx and traffic stationsxx are given in the maps in Figure 11 to Figure 14. If compared to the solar farm
installations in Figure 8, it should be reasonable to assume a dust density at a typical solar farm site for
particulate matter with diameter less than 10 µm (PM10) of 20-30 µg/m3 and 10-20 µg/m3 for particulate
matter with diameter less than 2.5 µm (PM2.5). To get an idea of how small these particles are, a schematic
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overview of the relative sizes of PM10 and PM2.5 in relation to a human hair and fine beach sand is shown in
Figure 10.
Particles with diameter less than 1 µm are the most significant scattering sourcexxi.

Figure 10: Schematic overviewxxii of the relative size of particulate pollution, PM10 and PM2.5

Figure 11: The figurexxiii shows the background concentrations of PM10 observed at background
stations in 2013.
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Figure 12: The figurexxiv shows the annual mean of particulate matter (PM10) observed at traffic
stations in 2013.

Figure 13: The figurexxv shows the annual mean concentrations of particulate matter (PM2.5) observed
at background stations in 2013.
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Figure 14: The figurexxvi shows the annual mean concentrations of particulate matter (PM2.5)
observed at traffic stations in 2013.
Nitrogen dioxide
The nitrogen dioxide (NO2) is an important air pollutant because it contributes to the formation of
photochemical smog. As can be seen in Figure 15 and Figure 16, there is a significant difference in NO2
concentration between background- and traffic stations.
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Figure 15: The figurexxvii shows the background concentrations of nitrogen dioxide (NO2) observed at
background stations in 2013.

Figure 16: The figurexxviii shows the annual mean of nitrogen dioxide (NO2) observed at traffic stations
in 2013.
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Acidity
Acidification is not such a concern in Europe as it used to be a few decades ago, since the SO2 emission has
declined considerably since the nineties. The rain and humidity will still be acid because of the equilibrium
between H2CO3 (aq) with CO2 (g) in the atmosphere. Assuming a CO2 concentration of 400 ppm in the airxxix
and KA=4,3∙10-7 for the acid equilibriumxxx which is the predominant, the pH of water will be 5,6.
Heavy metals
Even though heavy metals in small concentrations may have a harmful effect on human health, the low
concentrations reported by EEA, see Figure 17, are not likely to have any particular effect on fouling of glass
surfaces.
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Figure 17: The four maps xxxi shows the annual mean concentrations of arsenic, cadmium, lead and
nickel in the year 2011

PROJECT NO.
Project No.

REPORT NO.
Report No.

VERSION
1

19 of 36

Fouling
Even though there are many reports on how fouling affect module performance, few specific investigations
on fouling mechanisms on glass facades are reported. Klugmann-Radziemska (2015)xxxii studied the electrical
performance of a PV module in Gdansk, Poland. The panel was situated 5 km from the sea. There were no
actively operating industrial plants near the building where it was tested; however, the location was surrounded on
all sides by streets with a significant degree of traffic. A chemical analyse of the dust was conducted and the
element which was identified in the greatest amount was silicon, followed by aluminum and magnesium, see
Figure 18. The greatest volume of the sample was taken up by silica (SiO2), a compound commonly found in
the earth's crust and the main component of sand. Al2O3 and MgO also occur in nature, so their contents were
relatively high. Iron present in the sample was likely of anthropogenic origin and may occur both in the form
of oxides and chemically homogeneous ore particles. The source of this element may be from the wear of
frictional elements of mechanical components of machines, for example automotive brakes. Extremely low
contents of elements such as potassium, calcium, phosphorus and sulphur were also observed; these are
commonly found in the environment. Further, the dust was characterized by the vast predominance of very
small particle sizes, approximately 85% had a diameter less than 10 µm, with a tendency to agglomerate.
SEM images are shown in Figure 19.

Figure 18: Chemical composition of natural dust accumulated on a module in Gdansk, Polandvi
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Figure 19: SEM images of dust sample, with acceleration voltages of 10 kV and 5 kV, magnification
100x, on the top and with an acceleration voltage of 1 kV, magnification 500x and 1000x on the
bottom.vi

Cleaning of solar modules
Generally speaking, cleaning methods of photovoltaic surface has not been in the centre of attention among
the researchers. This lack of attention can stem from the idea that the amount of rainfall in the region is
sufficient to clean the PV surface. On contrary, soiling can have a sever effect on energy yield even in areas
with significant rainfall. This chapter discusses cleaning methods available for solar modules with emphasize
on available detergents and use of microfiber-cloth.

Cleaning methods for solar modules
Different cleaning methods are available for solar modules. The most optimal cleaning solution will depend
on factors such as:
-

-

labour costs at given location
water availability
ease of reach (e.g. ground mounted modules or modules installed on roof)
needed frequency of cleaning, depends on whether modules are installed in a region with heavily
rain and/or atmosphere with low degree of air pollution/dust or contrary installed in arid region,
close to polluting industry, agricultural activity or heavy traffic
quantity of modules requiring cleaning

The modules may be cleaned either manually (non-mechanically approach or using mechanically tools), by
installing hydraulic systems or by the use of robots. Furthermore, the modules may be cleaned using dry
methods or by wet techniques involving the use of water (water only or by addition of detergents). Dry
cleaning methods may not be as optimal as when used in combination with water. E.g., Al Shehri et al.xxxiii
demonstrated that dry brushing does not restore the panel surface back to the original (clean) state as sticky
particles were too difficult to remove.
Different cleaning methods are shortly described in the following and pro and cons with the different
methods are discussed. Generally, it is important to asses both the cleaning efficiency and the abrasive effect
of the cleaning method in the evaluations.
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Manual cleaning
A typical way of cleaning modules, at least for private households having modules installed, is done by
washing the surface of panels by the use of cloth and/or dust wiper in combination with water. This is a
simple technique which does not involve high investment costs. Mechanically brushes may also be used.For
large solar module farms, cleaning modules manually is not as feasible as for private installations due to the
high labour need. Furthermore, unskilled workers may damage the modules during cleaning if not properly
skilled.
Hydraulic systems Hydraulic systems are typically a sprinkler system where water exists from several
nozzles on a manifold fixed at the top of the modules. Kandil et al.xxxiv found that cleaning the modules with
water is effective but that pressurized water or a cleaning brush is needed to help the water to remove sticky
or muddy particles. Moharram et al.xvii, observed that adding a mixture of anionic and cationic surfactants to
the water was required to maintain the module efficiency when using a sprinkler system.
Hydraulic systems can be fully autonomous, are reasonably inexpensive and have relatively low operating
costs apart from the cost of the water. However, the system has a high water consumption and may not be
suitable for arid regionsxxxv, which may also be applicable for heavily polluted regions. Module damage is
avoided by the use of hydraulic systems.
Robotic systems
Cleaning robots may be integrated/installed into the module system itself or can manually be moved from
one module row to the other. Robotic systems can have a wide range of capital costs involved with their
procurement, installation and operation which will depend on the technical solution. The robots may be fully
autonomic or may be operated in a semi-automated manner where skilled labour is operating the robot
during the cleaning.
Robots may be designed to operate as a dry system or by using water. The cleaning device of the robots,
such as brushes or cloths, must be carefully designed in such a way that they are kept clean during the
cleaning process (e.g. by rinsing with water or frequently replacement).
Alshehri et al.xxxv found that the overall cost of installed robotic systems could be, at least in some cases, the
lowest of all the cleaning systems. This is especially true when frequent cleaning is considered and the true
cost of water and labour are included.

Available detergents
From an environmental and economical point of view, using clean water only (i.e. without addition of
detergents) is favourable. However, using detergents may reduce the water consumption and may also,
depending on the cleaning method, be required in order to clean the module surface properly.
Generally, chemical cleaners fall into one of four categoriesxxxvi: Acidic cleaners, alkaline cleaners, organic
solvents, and special non-sudsing detergents.
The list of available commercial chemical cleaners for different types of façade surfaces is long and varied:
Some are designed to remove efflorescence and salt staining. Others are used primarily to remove excess
mortar, grout stains and dirt. An overview is given in Table 2.
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For cleaning a solar panel, several options might be used, but a non ionic, possible in combination with a
cationic, detergent might be used. However, if micro fibre cloths is going to be used, these cloths are
developed to be effective without detergents.
Table 2: This table includes general information on the different types of cleaning detergents, their
typical uses, and their advantages and limitations. Sample products are listed when known. The
information is drawn from a standard for floor maintenance xxxvii. Only the points considered valuable
for cleaning of glass surfaces and soiling from the air have been included here.
Soap
Uses
1. A surfactant (Surface
Active Agent).
2. Soaps are produced from
naturally occurring fats and
oils.
3. Soapless or synthetic
detergents are
manufactured from organic
chemicals usually derived
from petroleum

Advantages

Disadvantages

It will form gels, emulsify oil and
lower the surface tension of water.
A lower surface tension allows the
soap to come in contact with
greater surface area than with
water alone.

1. When used in hard
water (Ca and Mg),
soap can produce a
scum
2. Considerable
rinsing is required to
remove soap scum.
4. More expensive
than synthetic
detergents.

Anionic Detergents
Uses
1. Commonly known as a "neutral"
detergent.
2. The most widely used soapless
detergent.
3. Available in both liquid and powder.
4. Manufactured from strong alkalis and
weak acids.
5. Effectiveness is even greater when
combined with a non-ionic detergent.
6. These detergents produce foam when
used in excess quantities and, therefore,
should only be used in the recommended
amounts.
Non Ionic Detergents
Uses
1. These detergents do
not ionize or carry a
charge when dissolved
in water.
2. They are
manufactured from
PROJECT NO.
Project No.

Advantages

Disadvantages

1. Very effective in
removing inorganic dirt
and soil.
2. Greater dirt carrying
capacity than non-ionic
detergents.
3. Fairly inexpensive.

1. Not very effective in
hard water.
2. More difficult to
rinse than non-ionic
detergents.
3. Produces
considerable foam.

Advantages
1. Safe for use on all
surfaces.
2. Produce less foam than
anionic detergents.
3. Because of their low foam
characteristics, they may be
REPORT NO.
Report No.

Disadvantages
1. Generally more
expensive than
anionic
detergents.
2. Mostly available
in liquid form.
VERSION
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Sample
Products
1. "Joy",
"Ivory"
(Procter &
Gamble Co.)

Sample
Products
1. Natural
soaps

Sample Products
1. "Orvus" (Procter &
Gamble Co.)
2. "Joy" or "Ivory Liquid"
(Procter & Gamble Co.)
"Zyfo" (Industrial Soap Co.)
cleaner concentrate, a
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alkalis and acids of
equal strengths and
have a pH value of 7.
3. Compatible with
many ingredients and
can, therefore, be
included in a wide
variety of formulations.
4. Acts as a foam
booster when
combined with other
detergents such as
anionic detergents.
Cationic Detergents
Uses
1. These detergents
carry a positive charge
when dissolved in
water.
2. Manufactured from
weak alkalis and strong
acids. They are acidic in
nature with a pH value
less than 7.

effectively used in
conjunction with scrubbing
machines or other cleaning
equipment.
4. Easier to rinse.
5. More effective for use in
hard water than anionic
detergents.
6. Very effective for
removing oils and grease.

controlled suds, silicate
buffered, non-ionic,
rinseless-type synthetic
detergent, containing no
3. soap, free alkali,
solvents, abrasives, acids,
caustics or the like.
4. "Igepal 630" (SigmaAldrich Corporation)

Advantages

Disadvantages

1. Have low-foam characteristics.
2. These detergents carry antistatic properties and are effective
in repelling dust. The positive
charge in a cationic solution
repels the positive charge carried
by dust in the atmosphere.

1. More expensive than
anionic and non-ionic
detergents.
2. Used alone, these
detergents are very
ineffective. They are usually
combined with non-ionic
detergents for better
cleaning effectiveness.
3. These detergents CANNOT
be blended with anionic
detergents, as each will
cancel the other out,
rendering the detergent
completely ineffective.

Amphoteric Detergents
Uses
Advantages
1. Also called
ampholitic detergents.
2. These detergents
have both acidic and
alkaline properties.
3. Mainly used in
specialty formulations.
4. Limited quantities
are used in shampoos,
medicated liquid
soaps and aerosol
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Disadvantages

1. These are greatly affected by changes in pH.
They behave like anionic detergents at pH values
greater or equal to 8. They behave like non-ionic
detergents at pH values between 8 and 6. They
behave like cationic detergents at a pH below 4.
NOTE: At a high pH, detergency powers are
increased; at a low pH, detergency powers are
reduced.
2. Non-toxic, non-irritating, germicidal and
compatible with anionic, non-ionic and cationic
detergents.
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Sample
Products
1. Dishand handwashing
soaps

Sample
Products

1. Fairly
expensive.
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shampoos.
Alkaline Detergents
Uses
1. Alkaline detergents are watersoluble alkalis having detergent
properties, but containing no soap.
2. Usually range in pH from 9 to 12.5.
3. Used in applications where a strong
detergent is required such as
removing water emulsion waxes,
scuff marks and heavy accumulations
of dirt.
4. Generally used for "hard surface"
cleaning.
5. High alkalinity is important in
saponifying fats and neutralizing acids
found in many types of dirt.
6. They are the most used of all
cleaning materials.
7. Some materials used in formulating
alkaline detergents include sodium
carbonate, trisodium phosphate,
sodium silicate, sodium
tripolyphosphate and to a lesser
extent, sodium bicarbonate, sodium
sulphate and certain silicates.

Advantages

Disadvantages

1. They remove a
wider range of
dirt and soil than
any other type of
detergent.
Economical.
2. Can be used
with a wide
variety of cleaning
equipment.
3. Low foam
properties in the
better alkaline
detergents.

1. Some alkaline cleaners
(especially those containing
sodium hydroxide) may
tend to form soluble salts
which crystalize as
efflorescence on the
surface.
2. Alkaline detergents must
be rinsed thoroughly in
order to prevent a white
powdery residue from
remaining on the surface.
3. Some have HES-issues
4. Do not use bleach on bird
droppings

Detergent Crystals
Uses

Advantages

1. Also called alkaline degreasers.
2. Used primarily in industrial applications.
3. Detergent crystals contain few ingredients one being sodium metasilicate which is soluble in
hot or cold water.
4. Detergent crystals, when mixed with water,
create a strong alkaline solution that is effective
in removing oil, grease and wax.
5. See also Alkaline Detergents above.
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Sample
Products
1. Most
common is
Trisodium
Phosphate
(TSP)
2. Sodium
Hydroxide
(NaOH)
3. Potassium
Hydroxide
(KOH)
4. Ammonium
Hydroxide or
Ammonia
(NH4OH)

Disadvantages Sample
Products

1. Less expensive than
solvent-based
emulsions.
2. They are waterbased and solvent-free.
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Micro fibre wiping materials
The main dirt on the facades of a building is dustxxxviii, which is small particulars of soil. Although a cleaning
technology with detergent can surely remove the dust, it requires refilling the detergent and rinsing the
facades with water.
Micro fibre is a type a cloth material with tiny fabric which is as small as 1/100 the diameter of human hair.
This type of fabric is ideal for cleaning purpose because the space in between the fibre allows it to pick up
and hold the dirt and absorb the liquid at the same time compare to normal fabric. In addition, these fibres
have the electrostatic properties which are an advantage for cleaning purpose as the dust will be attracted to
the fibre.
Micro-fibre is by definition a fibre with a weight/length ratio < 1 decitex (1 decitex = 1 g/10 000 m) xxxix.
Micro-fibres are made from larger synthetic fibres of polyester and polyamide, which are split into thinner
fibres during production. Different chemical and mechanical techniques are used to split the fibres. Recently,
cloths made from ultra-micro-fibres were introduced on the cleaning market. Ultra-micro-fibres are < 1/3
decitex, and are claimed to have better cleaning properties than ordinary micro-fibre. Examples of how the
fibres look like are given in Figure 20.
The micro fibres are naturally statically charged and, because they are so small, they can reach into invisible
crevices in surfaces that are inaccessible to conventional cleaning materials. Dirt clings to the fibres because
of electrostatic attraction, capillary action, or a combination of the two. This results in the materials having a
strong ‘suction effect’, i.e. they collect as much dirt as possible in just one wipe.

Figure 20xxxix: Cloth 6, SEM 800 × magnification, thin, flat, rectangular fibres to the left and Cloth 13,
SEM 1500 × magnification, rectangular and square ultra-micro-fibres to the right.
There are not many studies done on panels or facades, but cleaning of hard surfaces in indoor environments,
especially hospitals have received a lot of attention. Most of the literature is not relevant for our case, but in
general, the consensus seems to be that micro fibres are a good alternative for cleaning detergents when it
comes to remove dust.
Nilsen et. al. (2002)xxxix tested a 12 micro-fibre cloths, two ultra-micro-fibre cloths (cloth 13–14), and
one ordinary non-woven viscose cloth (cloth 15), see
Table 3, from nine distributors. They tested the fibre cloths with regards to cleaning effect, abrasion of
surface, friction and wear resistance for dry and damp cloths in an indoor environment. The cleaning effect
was tested on top of lacquered wooden shelfs with dust that had been accumulated over a period of 1 year in
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offices. The abrasion of surface was tested on plexiglas (polyacryl) after scrubbing 100 times in an Erichsen
Waschbarkeits- und Scheuerprüfgerät, model 255xl. The friction was tested against a lacquered wooden floor.
Wear resistance was assessed as the difference between fibre release from exposed (cloths used in the
abrasion experiments) and unexposed cloths. It is clearly not directly comparable to a solar farm, but it might
give a first indication of which micro fibres to start testing for a solar farm cleaning robot. The results are
given in Table 4 and Table 5.

Table 3: Physical characteristics of cloths and fibres tested by Nilsen et. al. (2002)xxxix in an indoor
environment

Table 4: Results from testing of friction and cleaning effect from Nilsen et.al. (2002)xxxix. The cleaning
effect is expressed as the proportion of remaining dust on the surface after cleaning (dust coverage
after=dust coverage before).
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Table 5: Results from abrasion and fibre loss tests, cloths tested in dry and damp conditions from Nilsen et.al. (2002)xxxix

The shelves had a surface area covered by dust of 5.4-11.0% before cleaning and after cleaning the area
covered by deposits was reduced more than 10-fold. There was no difference in the cleaning effect in dry and
in damp condition. Further, there were no differences in cleaning effect between the three groups, microfibre, ultra-micro fibre and conventional cloths. Thus the micro- and ultra-micro-fibre cloths showed the
same cleaning effect without any use of detergent as the ordinary cloth with detergent. Figure 21 shows the
results for three of the cloths and results from a previous studyxli for comparison. It is seen that the microand ultra-micro-fibre cloths showed better cleaning effects than other more conventional equipment used for
dry cleaning of furniture with comparable surfaces.
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Figure 21xxxix: Proportion of remaining dust on very dusty shelf tops after cleaning with cloths 2, 13
and 15, compared with other methods for cleaning of furniture.
All the cloths tested in this study acted abrasively on Plexiglas. Gloss reduction was observed mostly when
the cloths were used dry. All the cloths tested showed increased friction against semi-hard surfaces in damp
condition compared to dry condition. None of the cloths showed increased fibre loss after wear.
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Conclusion
The performance of a PV module will degrade due to fouling.
Most of the PV panels installed in Europe are installed in a humid temperate climatic zone with no dry
seasons or with dry summers. The recommended cleaning cycle for the latter is weekly or bi-weekly and for
the first it is less frequent. However, it is stressed that close to human activity, the recommended cleaning
cycle might be as frequent as daily. Since Europe is densely populated and have high traffic- and industry
density, frequent cleaning is assumed to be essential for PV modules installed most places in Europe.
Micro fibre cloths have shown to be good alternative for water and detergent for dust removal and cleaning
of hard surfaces indoors. The cloths should be used damp to reduce the wear on the surfaces.

Appendix
Sarver et. al (2013)i have made a comprehensive review of the impact of dust on the use of solar energy.
They present a summary of selected reported dust effects on solar (solar PV and thermal) in a table which is
repeated here in Table 6:

Table 6: summary of selected reported dust effects on solar (solar PV and thermal) from 1942 to 2013i
Period of
study

Key ﬁndings

Comments and conditions

3 months

Maximum degradation during the test
period was 4.7%

A correction factor of 0.99

Glass
samples

3 months

At tilt angles between 01 and 501, the
reduction in solar radiation due to dirt
was 5%

India

Solar
collectors
(glass and
plastic covers)

30 days

For glass, 30% transmittance reduction
for horizontal and 2% for vertical
positions. Greater reduction was found
for plastic

Sayigh

Saudi
Arabia

Solar
collectors

25 days

Heat-collection reduction of 30% after 3
days without wiping

Anagnostou
and
Forrestieri

Cleveland,
OH, USA

PV modules

1 year

Degradation is site dependent.- Washing
does not eliminate all degradation.Permanent loss in maximum power
reaches a steady value after several
hundred days

Hoffman and
Ross

Pasadena,
CA, USA

PV module
(glass)

Laboratory
testing

Test procedure for two ﬁeld-related
problems: surface soiling and
encapsulate delaminating

Pettit,
Freese, and
Arvizu

New Mexico,
USA

Solar mirror

1 month

The portable directional reﬂectometer
used to measure the specular reﬂector
loss due to dust accumulation can be
limited to a single wavelength

Blackmon
and Curcija

California &
New Mexico,
USA

Heliostat

6 months

Washing heliostat by spray is feasible,
and rain and snow could effectively
clean it

Berg

New Mexico,
USA

Heliostat

5–6 weeks

High-pressure water spray can recover
95% of the reﬂectance loss

Mobile system (automated)

Freese

New Mexico,
USA

Mirrors

7 months

Wind can cause a slight decrease in the
reﬂectance. Melting snow and rain are
effective in cleaning dust

Useful correlations with
wind, rain; cleaning cycle
experiments

Reference

Location

Hottel and
Woertz

Boston, MA,
USA

Dietz

NY, USA

Garg
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(for a 451 tilt angle)

A correlation factor of 0.92
was deduced from the study
(45° tilt angle); higher
correlation factor for plastic
than for glass

Local condition is most
damaging

Method to determine solaraveraged reﬂectance loss
from a single measurement
at 500 nm
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Murphy and
Forman &
Forman

Lexington,
MA, USA

PV module
(glass)

18 months

Measurement of soil accumulation and
model cleaning using gloss meter

Nimmo, Saed

Saudi
Arabia

Solar
collectors &
PV modules
(glass)

6 months

26% and 40% reduction of efﬁciency
from solar collector and PV panels,
respectively

Dry conditions

Hoffman and
Maag

California,
USA

PV module
(glass)

17 months

To identify key environmental factors
that govern soiling levels

Outdoor exposure testing for
long durations is the most
effective means of evaluating
soiling

Roth and
Pettit

New Mexico,
USA

Mirrors

Reﬂectance as function of particle
size/scattering effects. Small particles
are most signiﬁcant scattering source ( <
1 µm)

Reported effectiveness of
surface coatings and
electrostatic biasing for
mitigation. Wind tunnel
studies

Cuddihy

Pasadena,
CA, USA

PV module

Theoretical
study

Describe known and postulated
mechanism of soil retention on surfaces

Dust morphology/size data

Pettit and
Freese

New Mexico,
USA

Mirrors

10 months

Deposited particles are much more
effective in reﬂecting particles than
absorbing it

Force mechanisms proposed
and investigated for dust
adhesion

Zakhidov and
Ismanzhanov

USSR

Mirrors

Experiment

Strong wind with driven dust causes
damage to the surface of the mirror

Wakim

Kuwait

PV modules
(glass)

6 days

17% reduction in efﬁciency of modules
Differences in particle
distributions between day
and night due to soluble
nature of the particles.
Morphology data. Adhesion
forces

Roth

New Mexico,
USA

Mirrors

Up to 10
months

Reﬂectance losses as function of
wavelengths of incident light and of
particle size/distribution

Bethea et al.

Texas, USA

Solar
concentrator

Laboratory
experiment

Reﬂectivity expected to decrease by
2.4% per year due to dust storm
conditions

Simulated studies;
Accelerated lifetime test
development

Sayigh et al.

Kuwait

Glass,
plexiglass,
stainless
steel, mirrors

38 days

64%, 48%, 38%, 30%, and 17%
transmittance reduction for 0°, 15°, 30°,
45°, and 60° tilt angles, respectively

Dust particle topography,
dust size evaluations

El-Shobokshy
et al. &
Zakzouk

Saudi
Arabia

CPV

1 month

Open-circuit voltage did not change,
and short- circuit current and cell
efﬁciency showed a large change with
dust deposition

Concentrating PV study;
effect on dust accumulation
on cell temperature
investigated; Modeling of
series resistance effects

Berganov et
al.

USSR

PV cells

6 months

Effect of soiling on solar cell power
production is high

Bajpai and
Gupta

Nigeria

Silicon solar
cell

4 months

Poor efﬁciency due to scattering of
incoming radiation by dust particles

Michalsky

New York,
USA

Pyranometers

2 months

1% reduction for the exposed, notcleaned pyranometer

Ryan et al.

Oregon,
USA

Solar module
array (glass)

6 years

Unwashed solar cell array has degraded
at a rate about 1.4% per year

Said

Saudi
Arabia

Solar
collectors &
PV modules
(glass)

1 year

7% reduction per month for PV panels
and 2.8% to 7% for solar collectors

6-sites, USA

Parabolic
solar
collectors

Deffenbaugh
et al.
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method based upon modeling of results.
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model long term observations.
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Fluctuations in degradation
(rates) do exist and longterm testing of degradation
is needed

Used various sites to
establish independence of
methodology to any speciﬁc
location. (Oregon, Georgia,
Texas (2), Ohio, California,
New Mexico)
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Al-Alawy

Baghdad,
Iraq

Horizontal
surface
(glass)

9 years

Higher percentage of cumulative dust
leads to an energy reduction of 50% or
more

Good correlations with wind
speed and dust
accumulations; good base of
daily and hourly solar
radiation used for models
Examined glass, vinyl,
acrylics—glass is superior
under dust conditions. The
data raise concerns about
locating large solar power
plants without including
strict cleaning plans

Spectral report that all
wavelengths are affected

Nahar and
Gupta

India

Solar
collector

18 months

Annual reduction in transmittance for
daily cleaning cycle was 4.26%, 2.94%,
1.36% and for weekly cleaning cycle was
15.06%, 9.88%, 3.28% for glass at tilt
angles of 0°, 45°, and 90°

Hassan and
Sayigh

Kuwait

Glass

38 days

64%, 48%, 38%, 30%, and 17%
transmittance reduction for 0°, 15°, 30°,
45°, and 60° tilt angles, respectively

Pande

India

PV module
(glass)

1 year

Reduction in current value due to dust
was up to 30%

Goossens et
al.

Israel

PV module
(glass) and
mirror

Laboratory
work

Wind direction and panel orientation
have a serious effect on dust deposition
and distribution. A wind velocity greater
than 2 m/s has only a small effect on
dust distribution

Wind tunnel experiments.
Correlated these with real
conditions

El-Shobokshy
and Hussein

Saudi
Arabia

PV modules

Laboratory
work

Dust material, size and deposition
density has a strong effect on loss of
output power

PV surface prepared under
zero wind velocity and no
natural desert dust was
used

Alamoud

Riyadh,
Saudi
Arabia

PV module

1 year

Efﬁciency decreased by 5.73% to 19.8%
depending on the type of the module
when exposed to outside environment

Compared module
speciﬁcations to
manufacturer’s claims
(differences). Hot, arid
conditions

El-Nashar

United Arab
Emirates

Evacuatedtube collector

1 year

Monthly percentage in glass
transmittance decline is seasonal: 10%
in summer and 6% in winter. Reduction
of 70% of collector performance when
left without cleaning for one year

Hourly and monthly data
acquired

Bowden et al.

Sydney,
Australia

PV roof tiles
and
concentrators

Laboratory
work

Dust affects the energy conversion to a
small degree. Examined effect of dust on
the loss in internal reﬂectance of the
CSP roof units. Total losses less than
1.3%

Part of a larger study on
performance of PV products
for rooftops. Data for coastal
and in-land locations/
residential/ commercial

Adanu

Ghana

PV system
(glass)

4 years

Effect of dust particles in atmosphere
generally reduces the solar irradiance
and the energy output from the PV array

Time of day data reported.
Cleaning by wiping of
module surface

Laboratory
work

The loss of power due to accumulation
of dust and the increase in temperature
of the panel can be signiﬁcant

Careful analysis of IV
characteristic from operating
PV ﬁeld. Provides
information on
instrumentation for
monitoring

Laboratory
work

The pollution leads to a partial
shadowing of the cells reducing the
output

This pollution has minor
effects on PV operation ( <
4%)

16 months
to 5 years

Soiling effect on PV module increase as
the angle of incident increases. Losses
increased from 2.3% at normal incident
to 4.7% at 24° and 8% at 581. For
radiometer, lost more than 2% due to
soiling, and up to 8% due to bird
droppings

Extensive soiling data on PV
modules and radiometer
outputs

1 week in
May, 1990

Airborne particle accumulation on solar
mirrors decreases the reﬂectivity and
the mirror efﬁciency. Reﬂectivity
reductions greater than 90%

Desert testing, including
dust storm data

Kattakayam
et al.

India

Becker et al.

Cologne,
Germany

Hammond et
al.

Arizona,
USA

Offer and
Zangvil

Israel
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Goossens,
Van
Kerschaever

Israel

PV modules
(glass)

Laboratory
work

Fine dust deposition on the cell has
signiﬁcant effect on power output.
Considered effects of due to airborne
dust concentration and wind velocity.
Reported losses in solar intensity on
cells, open- circuit voltage, ﬁll factor,
short-circuit current and power as
function of accumulation time. Power
losses greater than 95%

Mastecbayeva
and Kumar

India

Glass

30 days

Transmittance dropped from 87.9% to
75.8% over the 30-day period
For measurement of dust inﬂuence on
reﬂector, the experiment showed the
intensity of concentrated light;
conﬁrmed result of measurement with
specular reﬂectometer

Used three different
techniques to determine
dust effects on specular
properties of parabolic
concentrator

Reported I–V characteristics
as a function of the dust
density

Biryukov

Israel

Mirror

Laboratory
experiments

Asl-Soleimani
et al.

Tehran, Iran

PV system

10 months

Air pollution can reduce the energy
output of solar module by more than
60% in a city like Tehran

PV module output
monitored as function of
time of day under
‘‘pollution’’ conditions

1 year

Solar transmittance as function of tilt
angles. Vertical plates had dust with
diameters 1 µm only. Compared a
calculated ‘‘dust factor’’ (correction
factor) to the observed one. Loss in
transmittance typically 75–80% over a
month’s exposure

Plates purposely not cleaned
over 1-month periods.
Compares data to reports
from India and Kuwait

Application is a solar
desalination plant (1864 m2
collector ﬁeld); Seawater
distillation with 120 m3/day
capacity

Cleaning methods developed
for Cherenkov telescope at
Mt. Hopkins

Hegazy

Egypt

Glass plates

El-Nashar

Abu Dhabi,
United Arab
Emirates

Evacuatedtube
collectors
(glass)

1 year

Drop in transmittance (0.98 under
‘‘clean’’ condition to 0.70), causing as
much as 40% drop in distillate
production. (Need to supply 38% more
power from conventional electricity
generation)

Badran

Arizona,
USA

Mirrors of
telescope

3 years

Coating for 3 years exhibited 5%–7%
drop in reﬂectivity at 310 nm and no
decease in other wavelengths. Water
washing is the best cleaning method

Hassan et al.

Saudi
Arabia

PV modules
(glass)

6 months

33.5% and 65.8% reductions in
efﬁciency after 1 month and 6 months

al.

Tokyo,
Japan

PV module
(glass)

Laboratory
experiments

Changing the aspect ratio of PV cell
used for PV module results in
degradation output of 80% or less with
3% of spot dirt on the module area

Primarily ‘‘dirt spot’’
analysis; Some
correspondence to the shape
of the solar cell in the
module. Also, studied cell
circuit-conﬁguration effects

Elminir et al.

Helwan,
Cairo, Egypt

PV cells and
glass

7 months

Decreases in PV output of about
17.4%/month

Provides information as a
function of tilt angle.
Includes a chemical analysis
of the dust

Kimber et al.

California
and Southwestern
USA

PV system
(gridconnected)

~ 1 year

‘‘Soiling’’ study for utility-connected PV
system. Efﬁciency and energy losses
(typical 0.2% per day without rainfall)

Restorative nature of rainfall
well documented. Various
locations provided in these
portions of USA

El-Nashar

Abu Dhabi,
United Arab
Emirates

Evacuatedtube solar–
thermal
collectors
(glass)

1 year

Seasonal losses due to dust at 14%–
18%

Updated and seasonal data
following El-Nashar (2008);
solar desalination plant;
automated data acquisition

Saudi
Arabia

Polyethylene
covers

13 months

Reduction in global solar radiation was
9% after 1 month, then reduced to 5%
after 11 months due to rainfall in the
area

GSR and PAR transmittance
evaluations; application to
greenhouse enclosures

Clark et al.

MD, USA

Lunar dust
control

Laboratory
experiments

Design a compact device o 5 kg mass
and using o 5 W to harness the dust for
sampling as part of the extended
exploration of Mercury, Mars, or other
regions of the solar system

Vivar et al.

Madrid,
Spain and
Canberra,
Australia

CPV system
(various
lenses)

4 months

CPV system more sensitive than ﬂatplate PV to dust accumulation. Up to
26% loss after 4 months exposure

Kobayashi et

Al-Helal and
Alhamdan
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Yerli et al.

Mani and Pillai

Istanbul,
Turkey

Bangalore,
India

Miller and
Kurtz

PV modules
(glass)

Derating parameters reported for
temperature and dirt; dust has most
signiﬁcant effect

750 Wp system

PV module
and system

Review
article

The paper includes two phases of
research appraisal. Phase I from 1960 to
1990, phase II for post 1990. Table has
been developed to guide in the
identifying appropriate cleaning/
maintenance cycle for PV systems in
response to the prevalent climatic and
environmental conditions

Detailed review provides
excellent guidance for
cleaning and mitigation
cycles

CPV Fresnel
lenses

Review
article

Primary look at PMMA lenses (some
silicone-on- glass). Detailed examination
of the loss mechanisms and durability.
Soiling review included deﬁnitions,
variation of reﬂectance with time,
inclination (tilt), wavelength, the
mechanisms of adhesion and
accumulation, moisture, particle size
and distribution, and prevention/soiling

Comprehensive examination
of soiling of Fresnel lenses
for CPV. Paper has much
wider examination of the
durability and degradation
issues with the Fresnel
lenses beyond the dust
issues

Ju and Fu

Chongqing,
China

PV modules
(glass)

~ 1 year

PV ‘‘fouling coefﬁcient’’ proposed (0.985
during rainy season and 0.958 during
dry season)

For PV project, proposed
important considerations for
dust in 3 stages of
development: (1) Planning;
(2) Design, and (3) Operation

Ibrahim

Laboratory
Tests and
Kuwait

Solar cells
(large-area
10 cm x 6
cm)

10 days

Current losses of > 13% and voltage
losses of > 0.86% (5%–15% loss in peak
power)

Also studied shadowing of
cells

Cabanillas and
Munguia

Hermosillo,
Sonoro,
Mexico

Crystalline
and
amorphous
Si PV
modules

90 days
(August
through
December)

4%–7% reduction in power for
crystalline Si modules and 8%–13% for
amorphous-Si modules. Demonstrated
sensitivity to module technology type

Particle-size analysis as part
of study. Careful analysis of
relationships between
particle size and volume
percent of that size
occurring

Sulaiman et al.

Malaysia

PV modules

Laboratory
experiment

18% or reduction in peak power when
depositing dust on PV module. 6%
power reduction difference between mud
and talcum deposition

1 year

In dry seasons, energy losses exceed
20% over 3-month periods. Annual
average losses in PV output were 4.4%
(with natural cleaning by rain).
Proposed regular, periodic cleaning
scheduled for modules

Provided simple model,
simulated with ray-tracing
methods to explain the
behaviour of dust-induced
loses in solar PV modules.
Looked at both fixed and
tracking systems of PV
panels; Evaluated time-ofday losses

All measurement under
STC. Regression model used
(superior to performance
ration which is inﬂuenced
by seasonal variations in
temperature and plant
availability)

ZorrillaCasanova et al.

Spain

PV module
(glass)

Pravan et al.

Italy

PV system (1
MW)

Investigated two 1-MW PV systems; Soil
type and washing technique control the
losses. 6.9% loss with sandy soil and
1.1% with more compact soil

Jiang et al.

China

PV module
(glass)

Dust deposition layer 0 to 22 g/cm2, PV
efﬁciency decreased by 26% (linear
relationship). No difference between cell
types

Note that modules
encapsulated with epoxy
(organic) degrade more

Kaldellis and
Kapsali

PV
generators

Modeling

Examined microgrids. Distributed
systems are shown to have as much as
a 12% better performance under dust
conditions than a central station

Modeling study for grid

Qasem et al.

Kuwait

CdTe thinﬁlm PV
modules

Outdoor
tests and
modeling

Examined effect of dust densities o
performance (in vertical and horizontal
module conﬁgurations), with latter
having increase risk of hot spots with
dust deposition

Showed effects of
moisture/dust in photos.
Provided modeling of IV
characteristics with dust
deposition (using PSPICE)

Al Busairi,
Möller & AlBusairi and AlKandari

Kuwait

Glass
surfaces on
various PV
modules

Outdoor
tests

Demonstrated that the decrease in
power from PV module depends on the
angle between the incident sun
(photons) and the normal to the panel

Loading depends on the tilt
angle and is non-uniform
over module surface (time of
day dependences)
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Mekhilef et al.

Mohamed and
Hasan

Qassem et al.

Malaysia

Libya

Kuwait

Solar cells
and modules

Laboratory
and
modeling (2month
periods)

Examined the literature for dust effects
on performance as function of tilt.
Reported average drop in performance
(power): US 1–4.7%; Saudi Arabia 40%;
Kuwait 65%, Egypt 33.5–65.8%,
Thailand 11% (1 month)

Dust containing minute
pollens, bacteria, fungi,
microﬁbers (carpets and
fabrics), vehicular and
volcanic activity (speciﬁc to
this region). Effects of
moisture

PV modules

Outdoor
testing

PV modules exposed for a period from
February through May in Sahara
environment. Reported signiﬁcant
though gradual reduction in power.
Cleaning procedures

Object of study is to
evaluate the cleaning needed
to keep the PV output at a
sufﬁcient level. Weekly
washing (water) kept power
loses in the 2%–5% range

Outdoor
testing

Investigated effect of dust on PV
modules with respect to concentration
and spectral transmittance. Examined
a-Si:H, CIGS, and crystalline Si
technologies

Provided interesting
information on the spectral
effects of the dust. Showed
that because of this, widebandgap technologies are
affected more than lower
bandgap technologies

PV modules
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