Journal of ELECTRICAL ENGINEERING, VOL. 52, NO. 5-6, 2001, 125–133

EFFECTS OF SOLAR IRRADIATION CONDITIONS
AND OTHER FACTORS ON THE OUTDOOR
PERFORMANCE OF PHOTOVOLTAIC MODULES
∗

∗
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The operating efficiency of an installed photovoltaic module is not well predicted by its datasheet, related to standard test
conditions: normal and unpolarized light, 1000 W/m2 of irradiance, AM1.5 spectrum and 25 ◦C of cell temperature. These
reference conditions in fact are hardly attainable in the field as they combine the irradiance of a clear summer day with the
module temperature of a clear winter day and spectrum of a clear spring day. Thus, the energy supplied by the module in
the field can be 30 % lower than expected. From this point of view, it is of great importance to reveal the characteristics of
photovoltaic modules in actual use conditions for a long-term period. This long-term investigation of photovoltaic modules,
however, will give more reliable information about their practical performance than indoor measurement as the modules
experience seasonal changes all the year. This study illustrates a comprehensive experimental study of the effects of
environmental factors on both the efficiency and electrical power output of photovoltaic modules. Atmospheric conditions,
angle of incidence, solar position, orientation of the cell, and cell temperature are considered as the key environmental
parameters in this study.
K e y w o r d s: Solar irradiation conditions; Angle of incidence; Orientation of the cell; Dust deposition density; Linke
turbidity factor; Ångström turbidity coefficient.

1 INTRODUCTION

During the last few years, there has been an increasing
interest in the natural degradation processes that occur
on solar collectors mounted outdoors. Many freshly installed modules already show a reduction in their electric
(or thermal) performance after a few weeks of operation.
Since the losses continuously increase in the course of
time, collector efficiency may drop to very low values after only a few years; hence the study of the natural degradation of photovoltaic cells is of particular importance.
There have been several studies that analyze uncertainties in laboratory measurement of solar cell efficiencies using different solar simulators and their transference
to operational situations ([20 23]). Gonzalez et al. (1994)
examines variation of modeled and observed cell efficiencies with atmospheric variations. The major factors found
to cause variations in operation efficiency are ambient air
temperature and total irradiance intensity. The authors
also observed increases of the apparent efficiency of amorphous cells, decreasing energy in the red portion of the
solar spectrum, which are consistent with model predictions. Hirata Y. and Tani T. [13, 14] developed a method
to calculate the output of photovoltaic modules with allowance for the effects of spectral solar radiation variation. These calculated values were then compared with
measured values. The results confirmed that the output of
photovoltaic modules changes seasonally in proportion to
changes in spectral solar radiation. This provided strong

evidence that seasonal variation in spectral solar radiation should be taken into account for optimum design. Hirata et al. [15] investigated more specifically how seasonal
changes in cell temperature and spectral solar radiation
affect the variation in conversion efficiency for CdS-CdTe
and two-layers tandem-amorphous silicon, 2L a- Si. The
following points were clarified:
• The mean monthly cell temperature ranged between
14 and 40 ◦C while that for 2L a-Si varied from 21
to 48 ◦C. The available spectral ratio had a seasonal
variation of 9 % for CdS-CdTe and a substantially
higher 16 % for 2L a-Si.
• The relative conversion efficiency of CdS-CdTe increased during summer by 7 %, whereas 2L a-Si exhibited a more substantial 14 % variation.
The increase in terrestrial applications of solar radiant
energy has given impetus to the study of solar energy
availability in many areas of the world. With the increasing use of spectrally selective devices, such as photovoltaic
cells for electrical generation and selective absorbers for
thermal collectors, and for practical applications in environmental and agrometeorological research, current interest is not only in the total amount of solar energy reaching
the Earth’s surface but also in its spectral composition.
Atmospheric pollutants and aerosols play an important
role in regulating the amount of solar radiation absorbed
by the Earth-atmosphere system. In one of the earliest
studies, Garg, H.P. [10] found that the normal transmittance of direct solar radiation of glass or plastic sheets at
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different angles of tilt reduced from 90 % to about 45 %
at an angle of 15◦ after 30 days of exposure and reduced
by an average of 8 % for glass tilted at 45◦ after 30 days of
exposure. Information about the dust pollution level and
dust particles during the test period was not given. Said,
S. [26] has shown the degradation rate of the efficiency
for a photovoltaic panel due to sand dust accumulation
on the panel at Dhahran, Saudi Arabia. The photovoltaic
panel tests were conducted at solar noontime when the
current and voltage values were measured ranging from
open circuit to short circuit limits. The panel was oriented
to the south facing with a tilt angle of 26◦ . The results
for the test period indicated a continuous decrease in the
efficiency ratio with a minimum of less than 40 % of the
initial clean panel value. The decrease in the efficiency ratio was about 11 % per month, while it was 7 % in second
year tests due to more rainfall and fewer sand dust storms
at the same location. El-Shobokshy, M. S. and Hussein,
F. M. [9] indicate that the nature of the dust, such as the
dust material, its size distribution and the dust deposition density has a strong influence on the loss of output
from the solar cells.
Orientation and tilt angle of a photovoltaic modules
and solar collector are the two most important factors
usually considered in solar energy system design. One of
the methods for increasing the efficiency of the solar energy system is to use the optimum orientation and tilt
angle. There have been several interesting articles that
appeared in the previous decade to predict the optimum
orientation and tilt angle. Some simple rules were specified for the collector tilt angle, relative only to the latitude [5, 12, 16, 27]. Chiou, J. P. and El-Naggar, M. M.
[6] presented an analytical method to determine the optimum tilt angle of a plate facing the equator only in the
heating season. They finally concluded that the optimum
tilt angle in the heating season is about φ + (10 → 30◦ ).
Baloukts et al. [3] studied the tilt angle and photovoltaic energy for four locations Gavods (35◦ N), Kythons
(37.42◦ N) in Greece, Bet Degan (31◦ N) in Israel and
Portiand (45.6◦ N) in USA. They employed two methods
for estimating the optimum tilt angle and setting its seasonal variation, which depend on the clearness index. In
this paper, we report the results of evaluation of both aSi: H and poly-Si modules, which were carried out for one
year at outdoor conditions. Two parameters were used to
examine the performance of both types of PV module: the
efficiency and electrical output power. From these evaluations we get information as to how to achieve the operating efficiency and integrated output power of a-Si: H
and poly-Si module close to their standard test conditions
values.
Table 1. Filter characteristics

Old
name
OG1
RG2
RG8

Filter Interval Bands Filter Factor
Reference
(µm )
f
OG530
0.530–0.630
1.082
RG630
0.630–0.695
1.068
RG695
0.695–2.900
1.042

2 LOCATION OF STUDY

The photovoltaic modules and measuring apparatus
were installed on the terrace of the research laboratory
in the National Research Institute of Astronomy and
Geophysics, Helwan, Egypt (29.87◦ N, 31.33◦ E rise from
M.S.L. about 124 m). A very common weather condition
in the city of Helwan is characterized by calm or light air,
increased humidity during the cold season. The daily average of temperature in Helwan ranges between 35.2 ◦C
in July and 13.1 ◦C in January. The relative humidity
fluctuates between 39 % in June and 56 % in December, and visibility about 5 km. This restricted visibility
is the result of the presence of solid particles in the atmosphere some of which act as condensation nuclei. During
such a weather condition, the reduction of solar radiation
is sometimes due to the increased quantity of water vapor, sometimes to the presence of increased quantities of
aerosol particles and sometimes to the presence of both
these influences. The major sources of pollution at Helwan are due to three types of factories:
• Cement factories, which include four factories distributed from the north in Tura to the south in ElTebeen
• Engineering industries (cars factory, pipes and tubes
factory)
• Iron and steel factories
The major source of wind direction is from the N and
N-E, which represents about 50 % of the total direction.
This means that Tura El-Cement and Helwan Cement
factories represent 50 % of the pollution of Helwan region.
The National Cement factory and Iran and Steel factories
represent about 40 % of the total pollution of the Helwan
region.

3 MEASUREMENT APPARATUS

In this study, the broadband filter method was used
to measure the quantities of normal radiation at different bands. The Schott filters, OG1, RG2, and RG8, were
arranged on a rotatable disk and mounted on Eppley
Normal Incidence Pyrheliometer. The measured intensity through the filters was normally used to compute
turbidity with the methods described by Linke [19] and
Ångström [2]. The transmission bands of the filters used
in these measurements are in Tab. 1
Total radiation on the plane of the PV modules was
monitored with a high precision pyranometer, which is
sensitive in the wavelength range from 300 to 3000 nm.
Sky diffuse radiation was measured by a pyranometer
equipped with a special shading device to exclude direct
radiation from the sun. Meteorological instrumentation
was used to provide the necessary information about the
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5 MATHEMATICAL FORMULATION

The reduction of solar radiation is a very important parameter when it refers to areas of increased atmospheric
pollution such as big cities and industrial areas. The most
interesting information is the fact that the atmosphere
cannot clean itself when a specific limit of pollution has
been reached [25].
5.1. Determination of the Different Atmospheric
Turbidity Parameter

Fig. 1. Annual evolution of monthly mean values for TL , and β

weather. These data were used to determine the stability class of the atmosphere from which the rate of dust
deposition was calculated. The concentration of dust in
the atmosphere was monitored by means of a portable air
sampler. The physical design of this sampler is based on
aerodynamic principles, which results in the collection of
particles of 100 microns and less. For measuring the concentration, air was drawn into the sampler, and, by virtue
of their inertia, the particles were deposited on membrane
filters. The filters were weighted before and after sampling to determine the mass collected. The weight was divided by the surface area from which they were collected
to give the dust deposition density in g/m2 . Two commercially available photovoltaic panels were tested during
the measurements. The first panel was a flat plate solar
panel containing three squared amorphous silicon solar
cells 30 × 30 cm2 with η = 6.91 % produced by Chronar,
UK. The second panel was a polycrystalline solar cell as a
panel (3 modules) 37.5 cm2 with η = 14.45 % produced
by (PJ2), Japan. Cell temperatures were measured using a thermocouple, which was laminated on the back
surface of the PV modules using a conductive paste to
ensure good thermal contact.

4 DESCRIPTION AND
DEFINITION OF SOLAR DATA

All data sets were subjected to various quality control
tests. Three types of data checks were performed to identify missing data, data, which clearly violate physical limits, and extreme data. Hours when the data were known
to be “bad” or “missing” were omitted. Second, any hour
with an observation that violated a physical limit or conservation principle was eliminated from the data set, including: reported hours with diffuse fraction greater than
1, or beam radiation exceeding the extraterrestrial beam
radiation. To eliminate the uncertainty associated with
radiation measurements at large incidence angles, hours
with a zenith angle larger than 80◦ were eliminated. The

Among the atmospheric turbidity coefficients, which
have been described in literature, the most frequently
used are the Linke turbidity factor, TL , and Ångström
turbidity coefficient, β . Linke’s turbidity factor is an index of the number of clear dry atmospheres that would be
necessary to produce the attenuation of the extraterrestrial radiation that is produced by the real atmosphere.
The Linke turbidity factor is estimated from the expression

TL = P (m) log Go − log G − 2 log R
(1)
where, P (m) is a function of the optical air mass, m. The
values of P (m) which are used in this study are obtained
by the next empirical formula which is the best fit of the
values given by Coulson [7]:
P (m) = 22.64 m−0.801

for 1 ≤ m ≤ 4 .

(2)

The relative optical air mass, m, of the average atmosphere was computed from equation, corrected for pressure variations [17]:

−1
m = cos θZ + 0.50572(96.07995 − θZ )−1.6364
. (3)
The Ångström turbidity coefficient, β , was computed using the direct solar radiation for spectral range (0.250–
0.695µm) and a constant value of α = 1.3. The computation of the Ångström turbidity coefficient, β , was made
from the relation
dAλ = βλ−α .
(4)
Figure 1 presents the annual evolution of the monthly
mean values for the Linke turbidity factor, TL , and
Ångström turbidity coefficient, β , during the measurement period. All of them show similar evolutions, with the
higher values in the summer and lower values in winter.
This result is in good agreement with many other studies [1, 22] that mention pronounced maximum in summer
and minimum in winter. We note that autumn and spring
values are rather high and closer to summer values than
to winter values. The variations of atmospheric turbidity
coefficients indicate that the atmosphere in Helwan city
is mostly turbid throughout the year.
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Table 2. Optimum tilt angles at Helwan

Month
KT
N
ρ
βOpt.

Jan
0.23
15
0.2
43◦

Feb
0.26
47
0.2
36◦

2

80
Ì

5

Ì
Ì

3
2

Ì

j
*

4

Ì
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=

=
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0.31
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7◦
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j

*
=
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0.28
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0.2
16◦

(G T(b)-G H)/G H (%)

G H (kWh/m /day)
8
Ì Tilt = 0
= Tilt = 15
7
6
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0.29
74
0.2
27◦

=

j

j
*
=
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Tilt = 45
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=

*
*

*
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= =
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* *

j

Ì

j

j
*
*

j =
*

j

60

*
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=

=

20
0

*

Ì

-20
Ì

Jul
0.35
196
0.2
4◦

Aug
0.37
227
0.2
12◦

Sep
0.31
258
0.2
24◦

Oct
0.32
288
0.2
35◦

Nov
0.29
319
0.2
43◦

Dec
0.25
349
0.2
45◦

The percentage deviations of the long-term monthly
average global irradiations received by tilted surfaces
compared with that received by a horizontal surface are
shown in Fig. 2. This figure underlines the fact: an inclined, south oriented pyranometer obtains more global
solar radiation during winter than a horizontal pyranometer does in northern mid latitudes. The excess is largest
if the tilt angle of the pyranometer equals the geographical latitude of the station. During summer the excess is
nearly −5 % for βT ≤ 30◦ but it becomes more and more
negative with increasing tilt angle.

-40
Ì

Jan. Feb.Mar. Apr. May Jun. Jul. Aug.Sep.Okt. Nov.Dec.

-60
-80

Fig. 2. Annual cycle of: long-term monthly average global solar
radiation received by horizontal surface, “+”, (left axis); long term
average percent deviations of daily global solar irradiation received
by tilted south oriented surface from a horizontal surface at the
same site (right axis)

5.2 Determination of Solar Radiation on Tilted
South Oriented Surfaces
Quantitative assessment of solar radiation incident on
a tilt plane is very important to engineers designing solar
energy collecting devices, to architects designing buildings, and to agronomists studying insolation on vegetation on mountain slopes. To meet all these requirements,
one should know the intensity of radiation falling upon
the sloping surface and its variation over a period of one
year. The equations describing the instantaneous total
insolation on a tilted surface, under the assumption of
anisotropic distribution of the diffuse sky was presented
in the following form, [18]:
h 1 + cos β 
βT 
T
1+F1 sin3
GT = (GH − Id,H )·Rb +Id,H
2
2
i 1


× 1 + F1 cos2 θi sin3 θZ + GH ρ 1 − cos βT
(5)
2

Rb =

Jun
0.40
166
0.2
2◦

sin δ sin(φ − βT ) + cos δ cos ω cos(φ − βT )
cos θi
=
cos θZ
cos φ cos δ cos ω + sin φ sin δ
(6)
I
2
d,H
F1 = 1 −
.
(7)
GH

5.3 Choice of The Angle of Tilt For South Facing Solar Collectors
The method outlined in the previous section for estimating the average radiation on surfaces of various orientations can be used to show the effects of slope and
azimuth angle on the total energy received on a surface
on a monthly, seasonal, or annual basis. From the previous review, and according to Elsayed, M.M., 1989, one
can show that the optimum tilt angle depends on several
parameters as indicated below:

βOpt. = 6 − 4.8 KT + 0.86 KT
+ 31 KT

0.37

0.27

φ + 0.0021φ2




+ 0.094 KT 0.46 φ + 0.000634 KT −0.17 φ2
 360

× cos
(N + 11.5) (8)
365

Depending on the application, it is usually required for
the applications of the flat plate collectors to determine
one optimum tilt angle for a given season. Using the previous results, the seasonal optimum tilt angle is estimated
using the following relation:
βOpt. =

Pj

βOpt, K · GH, K
Pj
K=i GH, K

K=i

(9)

where, i and j refer to the order of the beginning and
ending month of the season and K refers to any month
within the season. For yearly optimum tilt, Equation 9
can also be applied using i = 1 and j = 12. Using the
previous formula, the predicted optimum tilt angle for
each month at Helwan is tabulated in Table 2.
Using the data measured at Helwan, together with the
correlations given by eqns (8) and (9) the yearly optimum
tilt is found equal to 21◦ .
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Fig. 3. Results of X-ray fluorescent analysis of dust particles
Fig. 4. The depression of the efficiency after six months due to
sand-dust accumulation on a-Si:H

Table 3. Annual mean value of G , TSP and Smoke for Cairo and
Helwan

GH
TSP
Smoke
(kWh/m2 /day) (µg/m3 ) (µg/m3 )
Cairo
5.03
583
132
Helwan
5.48
960
52
Region

6 EXPERIMENTAL RESULTS
AND DISCUSSIONS

The potential for photovoltaic solar energy applications in Egypt is enormous. This is true since this country
possesses practically all the basic ingredients required for
productive utilization of PV solar energy. That is, great
number of sunshine hours > 3000 hours per year), high
solar radiation intensity (6 kWh/m2 /day as annual and
regional average), and a very few cloudy days per year.
The deposition of dust and particulates matter still, however, remains a major problem facing the photovoltaic
systems. The rate of decrease in the efficiency depends
mainly on the rate of dust deposition. The latter is a
strong function of the dust concentration in the atmosphere. Therefore, the investigation of the effect of dust
on the efficiency of PV cells necessitates the monitoring of
dust concentration in the atmosphere around the module
and its variation with time.
6.1 Solar Radiation Reduction by Aerosols in
the area of Helwan
In the visible band (0.4–0.75µm), where gaseous absorption is minimal under clear sky conditions, aerosols
are the major cause of depletion of direct beam solar radiation through scattering and absorption. There are two
dominant layers of aerosols in the atmosphere — one near
the Earth’s surface (0–3 km), which is affected by natural dust storms and man-made inputs to the atmosphere,
and another stratospheric dust layer (15–25 km above sea

level) affected by volcanic action and cosmic sources. Regarding to the global solar radiation data for Cairo and
Helwan, it is found that Helwan annual mean value was
5.48 kWh/m2 /day, which is higher than Cairo one which
was 5.03 kWh/m2 /day, while the total suspended particles, TSP annual mean value for Helwan was 960 µg/m3
and it was 583 µg/m3 for Cairo. Also, the smoke annual mean value for Helwan was 52 µg/m3 , while it was
132 µg/m3 for Cairo as shown in Tab. 3, [21].
From Tab. 3, it is found that the global solar radiation
value for Helwan is higher than it is for Cairo by 8.2 %,
TSP value for Helwan is higher than its for Cairo by 55 %
and the smoke value for Cairo is higher than for Helwan
by 61 %. Also, it is found that the increasing in global
solar radiation ratio for Helwan than Cairo is due to the
presence of higher value of TSP, which contains elements
have large sizes like sand, calcium and iron, see Fig. 3. The
presence of these elements leads to diffusion of the beam
solar radiation to become diffuse solar radiation which
is added to global solar radiation value and substitute
the reduction in it due to the reduction in the direct
solar radiation while the major element in Cairo is the
smoke which makes absorption stronger than diffusion
for the beam solar radiation. This makes a reduction to
the global solar radiation value.
As could be expected, heavily polluted air (high dust
concentrations) leads, in a same time interval, to larger
degradation in power output from cells than less polluted
air (small dust concentrations). High dust concentrations
lead to high accumulation values on the cell surface. Figure 4 shows the change in the conversion efficiency as a
function of dust accumulation. The results imply that the
depression of the efficiency η is 33.5 % after one month
and increases to 65.8 % after six months later without
panel cleaning. At the end of the test period, the panel
was cleaned and tested. The ratio of this clean test efficiency to the original clean test efficiency was 0.98, indicating that the degradation in performance was due to
the dust and not a change in the panel cells themselves.

130
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Fig. 5. Mean monthly variation of diffuse ratio and efficiency of
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Fig. 6. AOI Functions showing influence of solar angle of incidence
on Cell parameters

6.2 Performance Variation Of PV Cells Under
Cloudy Skies

to solar enthusiasts as the “cosine effect”. The “cosine
effect” is independent of the module design, and is only
geometry related. Due to the cosine effect, the short circuit current from a module varies directly with the cosine
of the AOI. For example, at AOI = 60◦ the cosine effect
reduces the short circuit current by one half compared to
the normal incidence condition.
The second way in which the short circuit current is
affected by the AOI is dependent on the module design.
The optical characteristics of the module materials located between the sun and the solar cells cause the effect.
For all modules, light enters an optical compound made
of cover glass, encapsulant, antireflecting coating of cell
and/or cell texturisation, to be finally absorbed in the
cells. While reflection and efficiency of modules are optimized for perpendicular incidence at standard test conditions, outdoor irradiance spans a much wider range of
incidence angles. Above 40◦ incidence angle the reflectivity starts to increase and reaches 20 % losses at 75◦ . The
influence of a module’s optical characteristics on its performance can also be measured under outdoor test conditions in a straightforward manner. The measurement procedure developed provided an empirical function F (AOI)
that related the module’s parameters to the solar angle
of incidence. The AOI-Function addresses the effects that
are beyond the typical geometric “cosine” losses. David
L. et al. [8] give the method used for calculating F (AOI).

It is quite evident that local weather — mostly in the
form of cloud cover — has an impact on the received radiation. The clouds not only block the reception of beam
radiation but they also subtract from or add to the diffuse component depending on their albedo. The angular
distributions of the diffuse radiance from partially cloudy
skies, and skies containing multiple layers of clouds, are
both complex and random, [24]. The cloudiness is greater
in Lower Egypt than in Upper Egypt and reaches its maximum in winter while its minimum value is attained in
summer. On many days at early morning low strut forms,
especially over places in the Nile delta and Cannel zone.
These formation is due to less radiation and turbulence
in the humidity and usually disperses within two to four
hours after sunrise, leaving, generally a clear sky until the
following morning.
When the sky is cloudy, the amount of sunlight that
is readily convertible into electricity by photovoltaic cell
is reduced by at least 50 % during thin cirrus cloud cover
and by about 75 % more during denser cloud cover. At
any time of the day, the conditions of the atmosphere
can be expressed quantitatively by the diffuse fraction,
KD (defined as the ratio of intensity of diffuse radiation
to intensity of global or total radiation). KD is lower
under clear atmospheric conditions and high under turbid
or cloudy atmosphere. The values of KD lie between
zero and unity, depending on atmospheric condition, KD
approaches unity under heavily overcast conditions. The
optimum efficiency of a solar cell or array of cells will
therefore vary with diffuse fraction as seen in Fig. 5.
6.3 Influence of Solar Angle –of- Incidence
Photovoltaic modules have an Angle-Of-Incidence,
(AOI) dependent optical behavior that can be measured
and used to improve the analysis of array performance.
Like absolute air mass, solar angle of incidence is time of
day dependent. Its affect on the short circuit current of a
PV module results from two causes. The first is familiar

AOI = cos−1 [cos β · cos θZ + sin β · sin θZ · cos(α − γ)]
(11)
F (AOI) =

ISC AM 1.5, T = 25◦ ) − C2 Id,H /1000
C1 · (Idni /1000) · cos(AOI)

(12)

Figure 6 shows the measured AOI-Functions for a typical flat-plate PV module with a glass front surface.
6.4 On the Choice of the Angle of Tilt for South
Facing PV Module
Whereas the previous section described the direct impact of the operating conditions on module power, some
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of these losses are a function of the installation properties,
additionally. Reflection losses, for example, are governed
by the incidence angle of the irradiation, but this can
be influenced by the orientation of the module. Also the
light levels are a function of incidence angle and module tilt. Due to the lack of measured tilted surface solar radiation data, models are employed to estimate the
radiation incident on a collector surface from measured
horizontal radiation. The results of these calculations are
plotted against the angle of tilt for summer, winter and
all year round intended use. To illustrate the effects of
the receiving surface slope on monthly average daily radiation, the methods of section 5.2 have been used to
estimate GT for surfaces of several slopes, for values of
φ = 29.87◦ , γ = 0◦ , and ground reflectance ρ = 0.2.
Figure 7 shows the variations of GT through the year
and shows the marked differences in energy received by
surfaces of various slopes in summer and winter and indicates that there is one angle of tilt that offers maximum
solar radiation interception to the south facing inclined
surface of a flat plate collector. The optimum angle of tilt
of a photovoltaic panel for use during the heating season
months of November, December, January, February and
March is approximately 45◦ , to optimize performance in
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Fig. 8. Performance of a-Si:H module at different tilt angles

the summer, the collector can be tilted at 15◦ . As seen
from the previous paragraph, the optimum tilt angle of
solar radiation collection systems located in Helwan follows the general rule applied by many researchers that
during the heating season solar collectors should be given
a tilt of Lat. +15◦ . Figure 8 shows the smooth fitting of
the measurements for selective days in four months. Each
month represents a season, (January for winter, April for
spring, July for summer, and October for autumn). The
tests were started when the PV module is vertical and
north facing, the test continues to the horizontal mode,
and completed to south facing with tilt angle +90◦ . Every ten degrees variation in the tilt angle, the module parameters (current, Voltage, and electrical output power)
were recorded. Figure 8 shows that our experimental results seem to agree quite well with the predicted values
of using Elsayed M.M., (1989) [see section 3.2].
6.5 The Effect of Cell Temperature
The daytime temperature of a solar cell is not simply
equal to the ambient temperature, since solar cells are
dark in color and therefore absorb a greater portion of
the sun’s energy. During the day, a solar cell operates
hotter than the ambient temperature by a factor that
depends on insulation. As the cell temperature increases,
the short circuit current, ISC somewhat increases, and
the maximum power, Pmax , the efficiency, η , open circuit
voltage, Voc , and the fill factor, F.F decrease as shown
in Fig. 9.
The short circuit current increase with temperature is
attributed to light absorption variation. Under the conditions considered, the solar absorption edge shifts due
to a decrease of the crystal forbidden gap width and the
number of pairs generated in the bulk increases. Alternatively, as the temperature increases, the intrinsic light
absorption factor changes and the short circuit current
increases. In the investigated specimens, the temperature
coefficient of the short circuit current is approximately
∆ISC /∆T = +40µA/ ◦C.
To explain the variation of the Voc with temperature
the effects of all voltage controlling parameters (mobility,
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lifetime, energy band gap and absorption coefficient) have
to be included in the analysis. In the general case, the
open circuit
 voltage is determined by the relation VOC ≈
ln ISC /IO , by which Voc must grow as ISC increases.
Depending on the current flow mechanism, the value of
Io is proportional to n2i . As the temperature increases ni
grows exponentially and causes an exponential growth of
Io . Moreover, the crystal forbidden gap narrowing with
temperature increase leads to the dark current increase
and minimizes the positive effect of absorption factor. As
a result, VOC decreases in ∆VOC /∆T = −2.3 mV/ ◦C.
The maximum power across the optimal load and the
efficiency depend strongly on temperature; the shape of
this dependence is close to linear. The temperature power
coefficient and efficiency are about −0.4 mW/ ◦C and
−0.4 %/ ◦C, respectively.

Dust accumulation on transparent surfaces of PVmodules has a damaging effect on their transmittance and
the reduction in transmittance depends on the quantity
of the settled dust. Also, it may be concluded from this
study that the effect of dust on the performance of photovoltaic solar cells can longer be correlated to the dust
concentration in the atmosphere around the module.
As can be seen, the maximum tilt angles are required
during the winter months and they drop sharply towards
the summer months. Between April and September a
near horizontal surface will obtain the maximum daily
insolation. The monthly optimum tilt angles are given
in Table 2. To optimize performance in the winter, the
collector can be tilted 15◦ greater than the latitude angle;
to optimize performance in summer, the collector can
tilted 15◦ less than the latitude angle.

6.6 Effect of Humidity on PV Modules
8 NOMENCLATURE

The moisture content of the atmosphere is commonly
expressed by relative humidity, defined as the ratio of
actual water vapor pressure contained in the air to the
saturated water vapor pressure at the same temperature.
Air with a constant water vapor content will lead to a
decrease in relative humidity with a rise in temperature.
Water vapor in the atmosphere is invisible to human eye,
but is “seen” by solar cells. The primary effect of humidity on terrestrial solar cells is corrosion, especially
in the simultaneous presence of high temperature. The
most corrosive phenomenon on a solar cell array is the
potential deterioration of the titanium-silver contact on
silicon solar cells in humid environments. Conditions of
high temperature (> 40 ◦C) and humidity (> 60 %) can
cause long-term deterioration of these contacts. Typically,
higher temperatures and higher humidity levels accelerate
the corrosion process, as may be the presence of minute
quantities of ionization contaminate (such as salts). Other
effects include a growth of fungi, the growth rates are
the highest at relative humidity levels between 75 % and
95 % and at temperatures between 20 ◦C and 40 ◦C and
the formation of a sticky surface film of moisture that
catches dust and dirt particles. It has been proven that
the conversion efficiency of PV modules drops progressively as dust is accumulated on its surface [See section
(6.1)].

7 SUMMARY AND CONCLUSIONS

Most environments have a detrimental effect on the
long-term performance capability of solar cell arrays. The
most significant environments against which terrestrial
array must be protected include high wind, snow and
ice loading and corrosion aided by high temperature,
moisture, and air borne contaminants. Beneficial environments for terrestrial array include low air temperature
and moderate wind velocities that increase the solar cell
operating efficiency.

G
Go
GH
GT
Idni

The intensity of solar radiation on the ground,
W/m2
The intensity of solar radiation at the limit of the
atmosphere, W/m2
Hourly global radiation incident on a horizontal
surface, kWh/m2
Hourly global radiation incident on an inclined
surface, kWh/m2
The direct normal radiation

Ib,T Hourly beam radiation incident on an inclined surface kWh/m2
Id,H Hourly sky diffuse radiation incident on a horizontal surface, kWh/m2
KT The monthly average clearness index
KD The diffuse fraction
M Optical air mass
R
φ

The Earth-Sun distance in astronomical units
Latitude, degrees

δ
θZ

Declination, degrees
The zenith angle, degrees

θi

Incidence angle, the angle between beam radiation
and the vertical, degrees
Azimuth angle of the Sun, degrees
Azimuth angle of the PV-module (0◦ = North,
90◦ = East)
Sunrise hour angle, degrees
Surface slope, degrees

α
γ
ω
βT

βOpt Optimum tilt angle, degrees
ρ
Ground albedo
dAλ The aerosol optical depth and is dimensionless
λ
The wavelength, µm
α

Is a function of concentration and size distribution
of particles
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C1 , C2 Calibration constants for direct and diffuse irradiance, respectively
N
Number of the day on the year (1 → 365), 1
January is No. 1
Ta
Ambient air temperature, ◦C
Tc
Solar cell Temperature under no wind, ◦C
K
Io

Solar cell temperature coefficient
The diode reverse saturation current
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