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ABSTRACT 

Photovoltaic (PV) generators are currently being used 
in various sectors all over the world. During the last years, 
there is an increasing interest in residential PV applications 
met not only in isolated but even in urban areas (e.g. build-
ings, street lighting etc.), where the unsustainable patterns 
of transport, energy production and land-use comprise the 
root cause of severe atmospheric pollution. In this context, 
the current study experimentally investigates the effects of 
the Total Suspended Particles (TSPs) accumulation on the 
surface of PV-panels operating in urban areas. Consider-
ing that the dust effects are site-specific, an attempt is made 
to determine the influence of dust in the aggravated envi-
ronment of the Greek capital, Athens. Specifically, the per-
formance of two identical PV-panel pairs is compared, 
after the exposure of one of them to natural air pollution, 
over a certain time period. A systematic series of experi-
mental measurements under variable ambient conditions 
is conducted in order to indicate any differences between 
the power output and the efficiency of the panels. Accord-
ing to the results obtained, the presence of dust considera-
bly deteriorates the PV-panels’ performance (i.e. 0.4% effi-
ciency reduction in absolute terms), even within a short 
period of panels’ outdoor exposure (i.e. one month) with-
out cleaning. 
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INTRODUCTION 

Atmospheric pollution, as a result of human activities 
during the last years, has caused a series of environmental 
problems such as the acid rain, ozone hole, urban smog 
and significant acceleration of the greenhouse effect ag-
gravating the human health [1] and the economic devel-
opment [2] of urban areas. 

A little-known side effect of the atmospheric pollution 
is the degradation of photovoltaic (PV) cell performance 
due to deposition of solid particles, commonly known as 

TSPs, on PVs’ surfaces. The problem has become more 
serious over the last years, especially if considering the sig-
nificant market growth and the wide recognition of the 
residential PV-based technology (Fig. 1) [3], met not only 
in isolated but even in urban applications. More specifi-
cally, over the last five years, there is a systematic diffusion 
of PVs in the building sector, where according to estima-
tions approximately 5000 MW have been installed in urban 
areas of Europe, Japan and the U.S. [4]. Considering also 
that most commercial PV devices demonstrate relatively 
low efficiency, which hardly exceeds 10% on an annual 
basis, it is reasonable to carefully examine all the factors 
deteriorating the performance of PVs, since even 0.5% re-
duction (in absolute terms) in the generated power should 
not be neglected. 
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FIGURE 1 - Time evolution of PVs` applications worldwide [3]. 

 
Although solar radiation intensity is the main parame-

ter affecting the PV-modules’ output, secondary effects 
which decrease the energy production of PVs in a specific 
range over a certain time period (i.e. over a month) have 
been mentioned in literature [5-7]. These include cell tem-
perature (≤10%), angle of incidence (≤10%), spectral dis-
tribution (≤3%), uncertainty in the manufacturer’s ratings 
(≤5% or more), ageing (≤5% over lifetime), mismatch losses 
(≤2%) and losses due to blocking of diodes and wiring 
(≤3%), all numbers expressed as a percentage of the actual 
PV panels’ efficiency. Other effects such as soil and dirt, 
snow and partial shading are considered to be mostly loca-
tion dependent [8]. 
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It is well-known that PV technology has been used for 
energy production on space applications since the mid-
1950s. Today, solar cells are widely used for powering 
satellites in space, including those used for communica-
tions, defence, and scientific research. During the last years, 
the reduction of the efficiency of PVs due to dust accumula-
tion on their surfaces constitutes a subject of a series of 
studies [9-11]. For many proposed Mars probes, perform-
ance of the solar arrays presents the main operational con-
straint due to the unusual environmental conditions met on 
the planet [12]. Probably the greatest threat concerning the 
energy support of the missions is caused by the consider-
able amount of suspended dust with 0.1 to 2000 µm di-
ameter particles, continually blown about the surface of the 
planet, and potentially causing significant degradation of 
the solar arrays performance [13]. 

Based on the fact that the air quality in the Attica re-
gion is traditionally known to be aggravated from the air 
pollution and that the interest to install PV applications in 
the building sector is continuously increasing, the current 
study investigates -by using experimental measurements- 
the degree at which the dust deposition on PV-panels’ 
surfaces affects their performance in the urban environ-
ment of Athens. 

 
 
THE AIR POLLUTION STATUS IN ATHENS 
AREA 

Air pollution in Greece is an emerging problem of the 
last decades, directly associated with the economic growth 
and urbanization of the country. The massive inflow of 
population in urban areas led to an enormous expansion 
of cities in an arbitrary manner, without any town plan-
ning, and thus resulting to a severe environmental degra-
dation. At the same time, the rapid economic development  

has not only led to a higher standard of living and in-
crease in material wealth but it is also closely correlated 
with the increase in energy consumption which arrives 
mostly from fossil fuels’ combustion. 

The Athens basin is surrounded by the mountains of 
Penteli and Hymettus to the east and Parnitha to the north 
(see Fig. 2), making the ventilation of the area very poor. 
Significant air pollution problems are encountered due to 
the high population accumulation, i.e. approx. 750,000 in-
habitants within the city’s administrative limits (according 
to the 2001 census). In fact, the urban area of Athens 
(≈ 412 km2) extends beyond the administrative city limits 
and counts a population of nearly 4 million. It is a docu-
mented fact that one of the most prevailing and persisting 
problems in the greater area of Athens is that of the air 
pollutants composing the commonly known "Athenian 
smog". Usually, two main types of air pollution are ob-
served. The first one is characterised by high concentra- 
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FIGURE 2 - Land overview of the Athens basin along with some 
measuring sites (grey dots) where exceedances of PM10 have been 
recorded during 2007. 
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FIGURE 3 - Temporal evolution of annual averages of PM10 concentrations (left side) and annual exceedances of mean daily PM10  

concentrations (right side) as recorded on some measuring sites (ARI, LYK, MAR) within 2007 (the horizontal lines indicate EU limits). 
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tions of particles while the second one is associated with a 
series of photochemical reactions resulting by the excess 
of nitrogen oxides, hydrocarbons, carbon monoxide, ozone 
and organic nitrates. Actually, the air pollution is mainly 
caused by the continuously increasing number of vehicles 
while secondary contributing factors include central heat-
ing, garbage, sewages, combustion of fossil fuels and in-
dustrial processes. Also, a notable part of the air pollut-
ants is attributed to trans-boundary transfer of dust from 
the Sahara desert and the Western Mediterranean [14]. 
Factors such as topography (basin surrounded by moun-
tains), temperature inversions, low wind speed and exten-
sive periods of dryness with high temperatures exacerbate 
the accumulation of air pollutants over the city [15]. 

In an effort to improve the air quality within the Ath-
ens basin and to comply with the EU directives, a number 
of measures have been applied (e.g. replacement of the old 
passenger cars, introduction of gas powered city buses etc.). 
However, the mean annual particle matter (e.g. PM10) con-
centration is found to remain considerably higher than the 
corresponding EU air quality limit (i.e. 40 µg m-3), while 
the permitted percentage of exceedances of the daily limit 
value (i.e. 50 µg m-3) is surpassed in many examined cases 
[16-20]. In this context, in Fig. 3, one may obtain the exis-
tence of violations for three indicative measuring sites 
(depicted with grey dots in Fig. 2), and specifically, the 
number of days where the mean daily value exceeded the 
EU limits (i.e. 35 days per year) as well as the annual 
averages of PM10 concentrations within 2007 [17]. 

 
 
POSITION OF THE PROBLEM 

Theoretical and experimental results in the investiga-
tion of dust deposition on PV-panels’ surface are found in 
a limited number of studies. Explaining the impact of the 
TSPs’ deposition, it has been reported that the presence of 
dust contributes to the reflection of the incident solar radia-
tion [21], whereas in several cases temperature dissimilari-
ties due to cooling differences of the PVs’ surfaces have 
been mentioned [22, 23]. Besides, many years of practical 
experience showed that a number of solar-collectors (e.g. 
collectors used for water heating and collectors used for 
electricity generation) suffered from serious deficiencies, 
and usually dust accumulation on their surfaces led to 
erosion [24]. Erosion, dust transportation and deposition 
all depend on the local characteristics of the atmosphere, 
meaning that the efficiency degradation of a PV-panel 
depends mainly on the place where it is located, and on the 
corresponding climate conditions, e.g. presence of dust 
and pollution, frequency of rain, humidity etc. Furthermore, 
an experimental study carried out by Kappos et al. [22] 
showed that the TSPs’ deposition is also strongly related 
to the inclination of the PV-panels. Specifically, the mean 
voltage output reduction -after three months of observa-
tions- was 5% for the vertically placed PV-modules, in 
contrast to 20% for the panels placed horizontally. In an 
effort to determine the physical properties of dust parti-

cles accumulated on the surface of PV-panels along with 
their deposition density and to correlate these parameters 
with the degradation of PVs’ performance, an experimen-
tal study has been conducted by El-Shobokshy and Hus-
sein [25] where five kinds of dust were used. Among the 
different kinds of dust used in that investigation, firstly 
the carbon particulates emitted from combustion processes, 
and secondly cement, i.e. the main building material 
which is very often met in urban environments, presented 
the worst deterioration effect on the PVs’ performance. 
Other experimental studies mention that the accumulation 
of dust on solar collector surfaces, which are maintained at 
a clean-liness level of 90% (almost perfectly clean surface), 
may result to considerable annual loss in revenues (in the 
order of 10% [26, 27]) and to a possible failure of the 
PV-generator sizing. 

Based on the above, the current study is focused on 
the investigation of the natural air pollution impact on the 
efficiency of PV-panels installed in the urban environ-
ment of Athens. The basic aim is to examine the relation 
between the efficiency of a PV-panel and the dust deposi-
tion (mass per PV area unit) on its surface with the use of 
experimental measurements. 

More precisely, the energy efficiency "η" of a PV-
panel is given as the ratio between the power output pro-
duced "P" and the solar power "Psolar" available on the 
panel surface "Ac", i.e.: 

Tcsolar GA
IU

P
P

⋅
⋅

==η   (1) 

with "I" and "U" being the current and the voltage 
output of the PV-panel, respectively, and "GT" the corre-
sponding total solar radiation. In this context, one needs 
the measurement of the solar irradiance at the panels’ 
surface along with the corresponding "I" and "U" values in 
order to estimate the efficiency of the installation. 

 
 
EXPERIMENTAL METHODOLOGY 

In order to estimate the implications of the TSPs on 
the PV-panels’ performance, an attempt is made to com-
pare the power output of identical pairs of panels with the 
same orientation and inclination operating under the same 
conditions but with different quantities of dust deposition 
on their surfaces. The experiment is conducted in the Labo-
ratory of Soft Energy Applications & Environmental Pro-
tection (SEALAB) located at the campus of the Techno-
logical Educational Institute of Piraeus (TEIP) (see Fig. 2). 
The laboratory’s installation is presented in Fig. 4 [28]. The 
system is composed by a PV-generator of 12 panels (maxi-
mum power of every panel 51 Wp) of poly-Si properly 
connected, a solar collector, a water tank, electrical loads, a 
lead-acid battery storage system, a DC/DC charge control-
ler (1 kW rated power), a monitoring station and a control 
panel. The PV-panels are south-oriented and their tilt-
angle is adjustable for a range of 0o to 90o. 
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FIGURE 4 - The experimental installation of the SEALAB. 

 
 
 
Two pairs of PV-panels (Fig. 5) placed next to each 

other (connected in series of two) with statistically the 
same energy behaviour are selected. The "identical behav-
iour" of the pairs is proven in another experimental study 
[29], based on the results of a statistical analysis. The two 
panels remain exposed in the atmospheric environment 
over a certain time period (i.e. within April - June 2009) 
being both south oriented and adjusted in 30o inclination. 
After a specific number of days and before the starting of 
rainfalls, the one pair is carefully cleaned and the total 
mass of the pollutants accumulated on its surface is meas-
ured with the use of a precision weighing balance of 0.1-
mg accuracy and a dehumidifier. More specifically, the 
experimental procedure is based on the following steps: 

The previous day of the experiment, the PV-panels 
are switched off so as the batteries to be drained up to a 
point via the consumption loads. Furthermore, the two 
cotton pieces, which are going to be used in order to clean 
the panels, are put in the dehumidifier (for 24 h) to re-
move any trace of humidity. 

The day after, a day cloudless with full sunshine, the 
experimental procedure begins. The two cotton pieces are 
removed from the dehumidifier, weighed and wetted with 
filtered water in order to be used for the panels’ cleaning. 
Firstly, only one of the two pairs is well cleaned to re-
move the total mass of dust "∆Μcl". A series of measure-
ments is conducted. During the recording procedure (≈ 1 
h), the values of the current and the voltage of the PV-
panels are written down. At the same time, the intensity of 
solar radiation on the PVs’ surfaces is measured. 

By using Eq. (1) as well as the resulting power out-
puts of the clean panel "Pcl" and the polluted one "Pp", the 
respective efficiencies "ηcl" and "ηp" are estimated so as to 

evaluate if there is any effect of dust deposition on the PV-
panels’ performance. 

 

 
FIGURE 5 - The PV-panels under comparison. 

 
Afterwards, the polluted panel is cleaned. The cotton 

pieces (Fig. 6) are put again into the dehumidifier. After a 
time period of 24 h, they are weighed again. The differ-
ence in the values before and after the cleaning is the total 
mass of dust deposition on the surface of the polluted pair 
of panels "∆Μp". Accordingly, ∆Μcl is estimated and 
compared with ∆Μp in order to exclude any peculiar case. 
Finally, the dust deposition density is estimated as: 

cA
∆ΜM =δ  (2) 

Analysing the accuracy of the experimental equip-
ment and conducting a series of independent measure-
ments, the systematic "S" and random errors "εr" of "I","U" 
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(a) 

 
(b) 

FIGURE 6 - Cotton piece before and after the cleaning of the polluted panel. 
 
 
 
and "GT" parameters are determined [30, 31]. In this con-
text, one may estimate the total error as: 

2Srtot += εε                (3) 

Accordingly, using the error theory [30, 31] and Eq. 
(1), the relative error of the PV-panels’ efficiency may be 
estimated by the following relation: 

2222
TGUI CCCC ++=η               (4) 

assuming that the PV-collector surface is known with 
very high accuracy, i.e. " 02 →

CAC ". Note that, by defini-
tion, 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 (η, I, U, GT), i.e.: 

i

i
i x

s
C =                 (5) 

Finally, in order to investigate the (potential) diversi-
fication of the efficiency between the clean and the pol-
luted panel, and thus to examine if the statement ηcl>ηp is 
statistically valid (of high reliability), an appropriate sta-
tistical test [31] is performed based on the experimental 
measurements. 

More specifically, the null hypothesis is stated: 

0: =− pcloH ηη               (6) 

as well as the alternative hypothesis: 

0:1 >− pclH ηη                (7) 

In this context, one-tailed t-test is executed for the 
mean efficiency values of the two pairs of panels ( clη  

and pη ) with the use of Student’s distribution and consid-
ering the total number of measurements "Ncl=Np=N". The 
degrees of freedom "ξ" of the experimental procedure are 
estimated as follows: 
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Accordingly, the value of the Student’s distribution is 
given as: 

N
ss

t
pcl

pcl
o 22 +

−
=

ηη
              (9) 

For rejecting the null hypothesis and, therefore, con-
sidering that the dust deposition on PV-panels’ surfaces 
deteriorates their performance, the level of significance 
"α" is set equal to 1%. In this context, the following is 
validated: 

co tt >               (10) 

where "tc" is the critical value of the Student’s distri-
bution taken from tables for "ξ" degrees of freedom and 
the probability P = 1-α = 99%. The rejection of the null 
hypothesis implies the confirmation of the alternative 
hypothesis, i.e. ηcl>ηp

 with probability of error α = 1%. 
 
 
EXPERIMENTAL ANALYSIS  
AND DISCUSSION OF THE RESULTS 

Applying the above described analysis, a systematic 
and detailed series of measurements concerning the two 
"identical" pairs of PV-panels was carried out. The whole 
experimental procedure lasted for more than two months 
(within April - June 2009). Actually, the clean panel pair’s 
performance was compared with that of the polluted one, 
after a certain time period of the polluted PV-pair’s outdoor 
exposure to natural air pollution, i.e. after one, two, three 
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and four weeks. The experiment was always conducted in 
times of full sunshine, usually during the noon, under vari-
able atmospheric conditions (e.g. ambient temperature, wind 
velocity, humidity etc.) and the procedure lasted approxi-
mately one hour, each time. During the recording proce-
dure, the values of the current and the voltage of the PV-
panels were written down, along with the values of solar 
radiation (W/m2). The intensity of solar radiation was re-
corded by the monitoring system data logger, which meas-
ures the radiation with 2 Kipp & Zonen pyranometers "Li-
Cor" type, one placed horizontal and the other with 30o 
inclination (coplanar with the PV panels’ surface). 

After the data recording and the calculation procedure, 
the systematic, random and total errors of the measure-
ments were determined by analysing the accuracy of the 
available equipment (i.e. pyranometers, voltmeters and am-
meters) and conducting series of independent measure-
ments. According to the available information, it becomes 
clear that the systematic error defines the total error of the 

measurements suggesting that for more accurate experi-
mental results higher equipment accuracy is required. 

According to the results obtained, the measured dust 
deposition density throughout the experiment varied from 
0.00565 to 0.09036 mg/cm2, quantities which correspond to 
the shortest (i.e. one week) and the longest period (i.e. four 
weeks) of the polluted PV-pair’s exposure to natural air 
pollution. At this point, in Fig. 7, one may see the statisti-
cally checked, as mentioned above, almost identical behav-
iour (i.e. similar efficiencies), of the two pairs of PV-panels, 
when they operate under the same conditions and with 
almost equal (approx. 0.0113 mg/cm2) amounts of dust 
deposition on their surfaces. Proceeding to the experi-
mental results, Fig. 8 presents the effect of dust accumula-
tion on the power produced by the polluted PV-pair, com-
pared with the clean one, in case of the highest dust deposi-
tion density (i.e. 0.09036 mg/cm2), recorded during the 
time period under investigation. Also, the intensity of solar 
irradiance and the corresponding calculated total errors (see 
Table 1)  
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FIGURE 7 - PV-panels’ efficiency when operating under the same environ- 

mental conditions and with the same quantities of dust deposition on their surfaces. 
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FIGURE 8 - Experimental data along with the total errors in case of δMp= 0.09036 mg/cm2. 
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TABLE 1 - Total errors of the measurements in case of δMp= 0.09036 mg/cm2. 

GT (W/m2) Pcl (W) Pp (W) ηcl (%) ηp (%) 
17.127 3.032 3.031 0.31 0.31 
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FIGURE 9 - PV-panels’ efficiency along with the total errors in case of δMp= 0.09036 mg/cm2. 
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FIGURE 10 - Efficiency differences between the clean and the polluted panel  

after a certain time period of the polluted panel’s exposure to natural air pollution.   

 
 
 

of the measurements are clearly depicted on this graph. The 
presented reduction in the power output between the two 
pairs of PV-panels implies the deterioration of their per-
formance when dust particles are deposited on their surface. 
Particularly, the corresponding mean power difference is 
found to be approximately 3 W, representing almost 5% of 
the respective mean clean pair panel output (61 W). Accord-
ingly, in Fig. 9, one may obtain the corresponding efficiency 
reduction due to the presence of dust on one of the two 
pairs of PV panels along with the total errors of the calcu-
lating procedure. Finally, in Fig. 10, the resulting effect on 
the PV-panels’ efficiency expressed as a function of differ-
ent amounts of dust deposition is plotted on the basis of the 
measurements carried out. Obviously, the highest efficiency 

reduction, which is slightly above 0.4% (in absolute terms), 
is strongly correlated with the highest dust deposition den-
sity occurring after four weeks of the polluted PV-pair’s 
outdoor exposure. Keep in mind that the efficiency decrease 
encountered due to the dust deposition is based on a series 
of detailed measurements, and it is statistically validated at a 
reliability of 99%. 

 
Subsequently, according to the experimental-based re-

sults one may state that the natural dust which is found in 
urban areas affects remarkably the PV-panels’ perform-
ance. Actually, as the dust deposition increases on the pan-
els’ surface, the cells receive less solar radiation and, thus, 
power output and efficiency are reduced. At this point, one 
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has to consider that some of the physical properties, such as 
the mean diameter and the size distribution of the dust 
particles, may be of great importance since equal amounts 
of dust deposition densities may lead to different effects 
on PV cells [32]. Also, the dust deposition density is 
strongly correlated with the time period of the panels’ 
exposure to the atmospheric air pollution. In case that the 
polluted panel is exposed for more than four weeks, the 
dust accumulation may result in higher level of attenua-
tion of PVs’ performance. 

 
 
CONCLUSIONS 

A systematic and detailed series of measurements 
was carried out in order to investigate the natural air pol-
lution impact on existing PV installations met in the urban 
environment of Athens. The experimental procedure was 
conducted under variable environmental conditions (e.g. 
solar irradiance, ambient temperature etc.) and different 
quantities of dust accumulation on the PV panels’ surface 
over a time period of 70 days. Specifically, the performance 
of two -statistically checked- identical pairs of PV-panels 
was compared, after the exposure of one of them to natural 
air pollution over certain time periods (i.e. 1-4 weeks). 

Based on the results obtained, one may state that the 
TSPs existing in the atmosphere of heavy polluted urban 
areas, such as the city of Athens, negatively affect the PV-
panels’ performance at a non-negligible level. The degree 
of efficiency deterioration depends on the specific mass of 
dust particles deposition on the panels’ surfaces. The greater 
the mass of dust deposition, the lower the power output and 
the efficiency of the panel become. Actually, as it results by 
the experiments carried out, the performance of PVs may be 
considerably reduced, i.e. 0.4% efficiency decrease or 5% 
power output reduction, even after a small period of time 
(i.e. a month) of PVs’ exposure into the atmospheric air 
pollution. 

Although additional research is needed in order to in-
vestigate the air pollution impact on the PV-panels’ en-
ergy performance over a longer period of their exposure 
to atmospheric air pollution, one may definitely state that 
the heavy air pollution in most of the big cities of our 
planet not only aggravates the life quality and the human 
health but also affects negatively the energy efficiency of 
PV panels, utilized to provide clean energy to urban dwell-
ers. Finally, further work may include experimental meas-
urements for varying panels’ tilt angles as well as for dif-
ferent types of dust particles with specific physical prop-
erties, such as their mean diameter and size distribution. 
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