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The current study experimentally investigates the performance of two identical pairs of photovoltaic (PV)
panels, the first being clean and the second being artificially polluted with three different, commonly
met in urban and other environments, air pollutants (i.e. red soil, limestone and carbonaceous fly-ash
particles). The PV-panels under comparison are both operating under the same environmental condi-
tions, being nearby located and adjusted at the same inclination. The effect of pollution deposition on
PVs’ power output, energy yield and conversion efficiency is examined, considering also various
pollutants’mass depositions on the PV-panels’ surfaces. According to the results obtained, a considerable
reduction of PVs’ energy performance is recorded, depending both on particles’ composition and origin
and on the total mass accumulated on the PV-panels’ surfaces. Based on the results, the highest reduction
is caused by the deposition of red soil particles, followed by the deposition of limestone and finally by the
carbon-based ash.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Currently, photovoltaic (PV) systems operating all over the
world are mostly met in central grid power stations and grid-
connected roof-top or facade installations (i.e. Building Integrated
Photovoltaics) as well as in individual consumer applications and
small scale stand-alone systems in remote areas (e.g. small solar
water pumps) [1]. At the same time, PV technology continues to
evolve rapidly and a variety of PV-modules is under investigation
[2,3] and development in order to improve themodules’ conversion
efficiency and reduce the high investment and operating costs [4,5].

Meanwhile, nowadays atmospheric quality is found to be
significantly aggravated by infectious factors which have caused
many detrimental effects on humans’ health and on aquatic and
terrestrial ecosystems all around the globe [6,7]. Despite the
conduction of numerous scientific surveys concerning the photo-
chemical and the particulatematter (PM) air pollution, the problem
still constitutes a vast and multilateral issue. On top of the negative
consequences on human health and the environment, the air
pollution may cause a wide range of damage to materials (e.g. cars,
buildings, machines etc.) due to dust and dirt deposition on their
surfaces which may both lead to erosion and negatively influence
the energy performance of some electric devices such as PV
All rights reserved.
systems [8,9]. More precisely, the dust and solid particles’ accu-
mulation on PVs’ surfaces may considerably reduce the amount of
solar energy finally absorbed by the panels mainly due to the
increased reflection which leads to the reduction of the incident
solar irradiance on the PV-cell. Thus, a significant change of the PV-
panels’ current intensity and voltage output is expected, leading to
a remarkable energy generation reduction and thus resulting to
a proportional decrease of the investment’s annual income
[10e12]. Additionally, it has been mentioned that in several cases
the dust accumulation may indirectly influence the rate of heat
transfer between the PV and the environment through convection
in a negative way [13].

In the current study, an attempt is made to categorize and
evaluate the separate effect of several air pollutants of specific
chemical composition. It is worth mentioning that the examined
masses of dust do not contain particles of particular size (only
a diameter range is specified) so that the conditions of the exper-
iment better approximate the natural dust deposition on PVs’
surfaces [12,14]. Specifically, three kinds of pollutants, having
different physical characteristics, are examined (see Fig. 1). Firstly,
a common urban air pollutant, i.e. limestone, which consists mostly
of calcium carbonate (CaCO3) and is mainly used as a building
material. Secondly, red soil, resulting from dry terrain or being
attributed to trans-boundary transfer of dust from African deserts
[15,16], and finally, carbon-based ash, a by-product of incomplete
hydrocarbons’ combustion which is emitted from thermal power
stations or vehicular exhausts.
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Fig. 1. The three kinds of the pollutants used in the experiment.
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2. Position of the problem

According to existing published work, a considerable impact of
the air pollution on PV-panels’ and solar collectors’ normal opera-
tion, is reported during the last years [17,18]. Specifically, a study
concerning the reliability of solarwater heating systems implies that
dustanddirton the solarcollectors’ surfacesare, inagreatextent, the
reason for the systems’ performance degradation [19]. In this
context, analysing the impact of solid particles accumulation on PVs’
surfaces, it has been reported that the presence of dust leads to the
reflection of the incident solar radiation [20], the rate of which
depends stronglyon theparticlesphysical characteristics (e.g. origin,
size distribution, diameter, composition, colour etc.). Furthermore,
the dust effect is often characterized as site-specific [9,21], i.e.
depending mostly on the local climate conditions (e.g. humidity,
rainfalls, wind speed etc.) as well as on topographical factors and
terrain’s synthesis of the area where the PV installations exist [22].

The relation of dirt on transparent covers of flat-plate collectors
was initially investigated by Garg [23] as a function of time pointing
out the rapid transparency decrease for collectors being adjusted at
less than 30� inclination. Furthermore, the relation between the
particle deposition on panels’ surfaces with PVs’ energy perfor-
mance has been investigated by Kappos et al. [13] under various
panels’ inclinations. According to the results obtained, for very high
Fig. 2. The experimen
PV-panels’ tilt angles, particles accumulation is limited and thus the
dust effect on PVs’ energy performance is imperceptible.

The particles’ composition is a matter of great importance since
equal amounts of different kinds of dust may cause different effects
on PVs’ performance. In this context, in order to correlate the
physical characteristics of dust particles and their deposition
density on PV-panels’ surfaces with the degradation of PVs’
performance, an experimental study has been conducted by El-
Shobokshy and Hussein [21] where five kinds of pollutants were
examined. Among the different kinds of pollutants examined in
that investigation, firstly the carbon particulates and secondly
cement presented the worst deterioration on PVs’ performance and
the highest loss in the generated power.

Based on the above, as well as on the fact that the interest to
incorporate PV applications into the building sector continuously
increases [1], the current study investigateseon thebasis of detailed
experiments e the effect of regional air pollution on PVs’ electrical
characteristics and specifically the impact of the deposited dust
particles on PV-panels’performance. The basic aimof this research is
to examine the effect on PVs’ efficiency, power output and electrical
energy production for three of the most common air pollutants
existing in urban and other environments, i.e. carbonaceous fly-ash,
limestone and red soil particles. For that reason, the effect of each
type of solid particles’ deposition (mass per PV area unit) on the
tal PV-generator.



Fig. 3. The dehumidifier used for the experimental procedure.

Table 1
Particles’ diameter range.

Pollutant Diameter (mm)

Ash �10
Limestone �60
Red soil �150
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operational characteristics of a PV-panel is investigated by taking
into consideration experimentally measured and calculated data.

3. Experimental procedure

In order to estimate the effect of the three selected air pollutants
on PV-panels’ performance, an experimental procedure is under-
taken in order to compare the power output, energy yield and
conversion efficiency of a number of identical pairs of PV-panels, all
being south orientated at the same inclination. The experiment is
conducted in the Laboratory of Soft Energy Applications & Envi-
ronmental Protection (SEALAB), located at the campus of the
Technological Educational Institute of Piraeus (TEIP), Athens,
Greece.

On the basis of the experimental procedure, the performance of
two pairs of PV-panels (LA361-K51S Kyocera PV-panels with
maximum power of every panel 51 Wp and collectors’ area
988 mm� 448 mm) of poly-Si (see Fig. 2), each one composed by
two panels connected in series operating under the same envi-
ronmental conditions but with different quantities of dust depo-
sition on their surfaces, is examined. It is worth mentioning, based
on another experimental study [24], that both pairs of PV-panels
present statistically the same energy behaviour. Also for the
conduction of the experiment, a monitoring system, a control
Fig. 4. Weighting of the envelopes containing the pollutant mass with the use of
a precision digital balance.
panel, a lead-acid battery storage system, a DC/DC charge controller
(1 kW rated power) and electrical loads are used, all comprising
parts of the laboratory’s installation [25].

The basic concept of the experimental procedure is to compare
the power output, energy yield and efficiency variation of the two
identical pairs of PV-panels, the first being clean and the second
being artificially polluted with a selected pollutant (i.e. red soil,
limestone and carbon-based ash). The steps followed during the
experimental procedure are analyzed below:

I) The previous day of the experiment the cotton pieces, which
are going to be used in order to clean the polluted pair panel,
are placed in a known weight paper envelope which is then
put in a dehumidifier (Fig. 3) for 24 h so that any existing trace
of humidity may disappear. Furthermore, the PV-panels are
uncoupled from the batteries in order for the batteries to be
drained up to a point via the consumption loads (e.g. lighting,
water pumps etc.).

II) The next day, under cloudless sky, at first, both pair panels are
cleaned very carefully to remove any dust. Afterwards, the
first pair is polluted uniformly by spaying water containing
the selected pollutant and then enough time is given for the
sprayed water to evaporate so that the operational temper-
ature of both PVsmay become the same. During the recording
procedure (z1 h) the values of the current intensity and the
voltage output of the PV-panels are written down. At the
same time, the ambient temperature and the intensity of
solar radiation on the PVs’ surfaces are measured.

III) When a considerable number of measurements are con-
ducted, the pollutants’ mass on the polluted pair panel is
collected with the cotton pieces (wetted with filtered water)
which have been previously dried up by the dehumidifier and
weighed in a precision weighing balance (of 0.1 mg accuracy)
(Fig. 4) so that their total mass before cleaning the polluted
pair panel can be determined. After the collection of the
entire pollutant mass, the cotton pieces are placed again in
the envelope and put in the dehumidifier for 24 hours in
order for them to be weighed again and for the total mass of
the pollutant e after the cleaning of the polluted pair panel e
to be estimated. The difference between the values before and
after the cleaning is the total mass of dust layer on the surface
of the polluted pair of PV-panels “DM”. In this context, the
dust deposition density “dM” is expressed as:

dM ¼ DM
Ac

(1)
Table 2
Pollutant mass deposition densities in g/m2.

Class Pollutant

Red soil (I) Limestone (II) Ash (III)

dM1 0.12 0.28 0.63
dM2 0.22 0.33 2.08
dM3 0.26 0.77 3.11
dM4 0.35 1.51 3.71



Fig. 5. Power output of the clean and the polluted pair of PV-panels for several amounts of red soil’s mass depositions along with the total errors.
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Once the recording procedure has been completed, performance
indicators are estimated so that comparisons can be made between
the clean and the polluted PV-panels.

More precisely, the energy conversion efficiency “h” of a PV-panel
is given as the ratio between the generated power “Pout” and the
incident solar power “Psolar” available on the collector’s surface “Ac”.
Thus,

h ¼ Pout
Psolar

¼ Pout
Ac$GT

(2)

with “GT” being the corresponding global solar irradiance. In this
context, one needs to measure the corresponding current “I” and
voltage “U” output in order to calculate the generated power of the
installation, i.e.:
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Fig. 6. Power output of the clean and the polluted pair of PV-panels for seve
PoutðtÞ ¼ UðtÞ$IðtÞ (3)

with the voltage and current of the PV-generator being normally
a function of time “t”.

Accordingly, the energy yield “E” of a PV-power station for
a time period “Dt” is expressed as:

Eðto/toþDtÞ ¼
ZtoþDt

to

PoutðtÞ$dt (4)

Following, by analysing the accuracy of the results, the total error
“3tot” is determined as a function of the systematic “S” and random
errors “3r” induced by the measurements [26,27]. Thus,
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ral amounts of limestone’s mass depositions along with the total errors.
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Fig. 7. Power output of the clean and the polluted pair of PV-panels for several amounts of ash’s mass depositions along with the total errors.
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3tot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
32r þ S2

q
(5)

Accordingly, using the error theory [26] and Eq. (2), the relative
error of the PV-panels’ efficiency “Ch” is estimated by the following
relation:

C2
h ¼ C2

I þ C2
U þ C2

GT
(6)

assuming that the PV-collector surface is known with very high
accuracy, i.e. “CAC2/ 0”.

Note that the relative error is expressed as the ratio between the
standard deviation “s” and the statistical average value “x” of the
sample for the i parameter (h, GT, I, U, P), i.e.:

Ci ¼
si
xi

(7)

In this context, the relative error of the PV-panels’ power output
“CP” is expressed as:

C2
P ¼ C2

I þ C2
U (8)

4. Experimental analysis and discussion of the results

The experimental procedure was carried out under clear sky
conditions while 30 measurements were recorded within the time
period of 1 h (approximately 1 measurement per 120 s). During the
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Fig. 8. PV-panels’ efficiency reduction due to deposition of red
experiment the panels were adjusted at 30� inclination while the
intensity of solar radiation was recorded by the monitoring system
data logger, which measures the solar irradiance at the horizontal
plane and at the PV-panels’ surface (coplanar with the PV-panels’
surface) with the use of two Kipp & Zonnen pyranometers “Li-Cor”
type.

Based on the recorded measurements the I and U values of both
the polluted and clean pairs of PV-panels were firstly determined
whilst at the same time the pollutant’s mass deposition density on
the polluted pair panel was specified for each examined case. Note
that each time the panels were polluted uniformly with sprayed
water containing sieved particles of a particular diameter range
(see Table 1). In this context, Table 2 presents some of the recorded
pollutant mass deposition densities (in g/m2) for red soil (I), lime-
stone (II) and carbon-based ash (III). At this point, it should be
mentioned that the presented pollutant mass depositions were
selected among others, in order for comparisons to be made
between the pollutants and safe conclusions to be drawn.

After the data recording and the calculation procedure, the
systematic, random and total errors of the measurements were
determined byanalysing the accuracy of the equipment used in order
to record the current intensity, voltage and solar radiation throughout
the experimental procedure [27]. According to the available infor-
mation, it becomes clear that the systematic error defines the total
error of the measurements, thus suggesting that for more accurate
experimental results higher equipment accuracy is required.
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Proceeding to the results obtained, in Figs. 5e7 the power
output of the clean and polluted pair of PV-panels is plotted along
with the corresponding total errors for various specific red soil’s,
limestone’s and ash’s deposition densities. It becomes obvious that
the presented reductions in the power output between the two
pairs of PV-panels imply the deterioration of their performance
when dust particles are deposited on their surface. Specifically,
from Fig. 5, one may obtain the mean power reduction between the
clean and the polluted PV pair, varying from approximately 3 W to
5 W for red soil particles’ accumulation ranging from 0.12 to 0.35 g/
m2 respectively.

In Fig. 6, the corresponding effect on the mean power produc-
tion by the polluted PV pair is illustrated, in case that limestone
particles are deposited on PV-panels’ surfaces. Particularly, the
corresponding mean power difference is found to be approximately
3 W, representing almost 4% of the respective mean clean pair
panel output (z84 W), in case of 0.28 g/m2 limestone deposition
density. By adding almost the five-fold quantity of limestone (i.e.
dM4

II¼ 1.51 g/m2) on the surface of the polluted panel pair, the
corresponding mean power production drops by 7 W (from 62 to
55W), representing approximately 11% of the respective mean
clean pair panel output.

In Fig. 7, one may observe the power output differences of the
artificially polluted pair panel compared with the clean one for ash
deposition density varying between 0.63 and 3.71 g/m2. As far as
the smallest recorded quantity of ash deposited on the panels’
surface (i.e. dM1

III¼ 0.63 g/m2) is concerned, the corresponding
mean power decrease is approximately 1 W, representing 2.3% of
the mean clean pair panel output (i.e. 44 W). This case also indi-
cates the aforementioned identical behaviour, of the two pairs of
PV-panels since the above pollutant mass does not cause a worth
noticing reduction in the generated power output. By almost
tripling the initial ash mass deposition (i.e. dM2

III¼ 2.08 g/m2), the
mean power output decrease between the artificially polluted and
the clean PV pair is somewhat higher, i.e. 7.5% of the respective
mean clean pair panel output. In this context, by adding almost five
times the initial ash mass deposition (i.e. dM3

III¼ 3.11 g/m2) on the
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Fig. 10. PV-panels’ efficiency reduction due to deposition of a
PVs’ surfaces, the mean power output reduction of the polluted pair
panel is found to be considerably higher, i.e. approximately 8 W or
17% of the respective mean clean pair panel output. Finally,
a considerable effect of ash on PVs’ performance is obtained for the
last examined case of 3.71 g/m2 (i.e. almost six times the dM1

III), i.e.
approximately 12 W mean power output decrease.

Figs. 8e10, illustrate the effect of the three examined pollutants
on the PVs’mean conversion efficiency alongwith the total errors of
the calculating procedure for the cases of the smallest and the
highest recorded specific pollutants’ mass on the basis of the
experimental measurements carried out. Specifically, Fig. 8 shows
the resulting mean conversion efficiency reduction, i.e. almost 0.5%
(in absolute terms), when 0.12 g/m2 of red soil particles are
deposited on the PVs’ surfaces. On the other hand, the highest
recorded red soil mass deposition density (i.e. dM4

I¼ 0.35 g/m2)
causes the efficiency to drop by almost 0.7% (see also Fig. 11). As
presented in Fig. 9, the efficiency reduction, when 0.28 and 1.51
g/m2 of limestone particles are deposited on PV-panels’ surfaces,
varies between 0.4% and 1% respectively. Fig. 10 shows that the
effect of 0.63 g/m2 of ash accumulation is almost negligible (i.e. 0.1%
efficiency reduction, in absolute figures) (see also Fig.11). Obviously,
the highest decrease (i.e.1.5%), for this case, occurswhen the highest
recorded amount of ash mass is deposited on the panels’ surface.

At this point, it is worth mentioning that an appropriate two-
tailed statistical test was executed, for the mean values “m” of the
clear “Pc” and the polluted “Pp” PVs’ power output as well as for the
corresponding conversion efficiencies “hc” and “hp”, in order to
ascertain if the resulting differences “dm” between the clean and the
polluted PV pairs’ performance comprise real values or are attrib-
uted to the total errors of the measurements. Particularly, on the
basis of rejecting the alternative hypothesis (see Eq. (10)), Eq. (9)
was validated, thus confirming the null hypothesis at a reliability
of 95% [26].

Ho : mc � mp ¼ dm (9)

H1 : mc � mpsdm (10)
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Following, based on the measurements carried out, one may state
that the deposition of each pollutant causes completely different
effects on PVs’ performance. Particularly, based on the illustrated
(see Fig. 11) exponential behaviour (as resulted from the experi-
mental measurements carried out) of the dust deposition effect and
considering a theoretical case of 0.5% efficiency reduction (in
absolute figures) between the clean and the polluted pair panel,
one may state that such a decrease may be caused with 0.2 g/m2 of
red soil deposition. Accordingly, the same efficiency reduction is
caused either by doubling the pollutant mass for limestone (i.e.
0.4 g/m2) or with 2.3 g/m2 of ash being deposited on PVs’ surfaces.

Fig. 12 presents the resulting energy yield reduction percentage
between the clean “Ec” and the polluted “Ep” pair panel (nearby
located and adjusted at the same tilt angle) as a function of different
mass densities of red soil, limestone and carbon-based ash. The
corresponding energy yield reduction percentage for each exam-
ined case is defined as:

DE ¼ Ec � Ep
Ec

$100 (11)

Based on the illustrated results in Fig.12, there is a strong indication
that red soil (I) deposition on PV-panels’ surfaces leads to rather
worse results compared with the other two pollutants. It seems
that the generated energy strongly reduces with red soil deposition
on PVs’ surfaces while the effect is slightly smaller for limestone (II)
and considerably smaller for carbon-based ash (III). This may be
explained due to the colour, composition and used diameter range
of red soil causing the PV-panel to operatewith lower performance.
Particularly, an amount of only 0.12 g/m2 (dM1

I) of red soil may
cause the energy production to drop by almost 4% of its normal
value under clean conditions while almost the same energy
reduction may be caused if 0.28 g/m2 (dM1

II) of limestone are
deposited on PV-panels’ surface (see also Table 2). Furthermore,
mass dM3

Icauses almost the same energy reduction (i.e. 6%) with
mass dM3

II although dM3
II is three times greater than dM3

I. Mass
dM4

I causes almost the same impact (i.e. 7.5% energy reduction)
with mass dM2

III but dM2
III is about six times greater than dM4

I.
Finally, masses dM4

I and dM2
II are almost the same but dM2

II causes
about half the energy reduction that dM4

I does.
5. Conclusions

Adetailedexperimental studywascarriedout inorder toexamine
the effect of three kinds of commonlymet air pollutants (i.e. red soil,
limestone and carbonaceous fly-ash) deposition on PVs’ power
output, conversion efficiency and energy performance. Specifically,
the I and U electrical characteristics of two identical pairs of PV-
panels, a clean and an artificially polluted one were recorded, when
both pairswere operating under the same environmental conditions
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(e.g. ambient temperature, solar radiation, humidity etc.), being
nearby located and adjusted at 30� inclination.

According to the results obtained, one may state that the depo-
sition of dust particles may considerably deteriorate PVs’ perfor-
mance. The decrease magnitude is depending mostly on the type of
the pollutant (i.e. composition, colour, diameter etc.) since equal
amounts of various kinds of dust particles may cause completely
different effects. Based on the results, red soil deposition on PVs’
surfaces causes the most considerable impact on PVs’ performance
and thus the highest generated energy reduction, followed first by
the limestone and secondly by the carbon-based ash. Specifically, an
amount of 0.35 g/m2 (dM4

I) of red soil deposition on PV-panels’
surfacesmay reduce thegeneratedenergybyalmost 7.5% (compared
with the respective of the clean one) while approximately the same
deposition density for limestone (i.e. dM2

II¼ 0.33 g/m2) causes
almost 4% energy reduction. On the other hand, even if almost
doubling the pollutant mass for ash (i.e. dM1

III¼ 0.63 g/m2) the
generated energy is decreased by only 2.3%. This may be explained
due to the colour, composition and used diameter range of red soil
causing the PV-panel to operate with lower performance.

In this context, further work in the field may include the
determination of certain characteristics of the dust particles, such
as their size distribution with the use of an optical microscope,
while additional work is also required in order to investigate the
dust effect on PVs’ energy performance for different panels’ tilt
angles. Finally, carrying out the same experiment under forced
conditions in a strictly isolated environment by using artificial
lighting would also be challenging.
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