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Statistical Approach for Modeling of Daily Global Solar Radiation
on Horizontal Surfaces Over Hebron City, Palestine
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Abstract: Understanding solar radiation data is essential for modeling solar energy systems because it is non-polluting,
non-depletable, reliable, and pollution free. Four-years measured average daily global solar radiation data on horizontal
surfaces at Hebron city in Palestine were used for the model assessment. Statistical results showed that all four
suggested models can accurately predict the solar irradiance of a 31° 57' N (latitude angle of Hebron) on a horizontal
oriented surface, indicating the good predictive ability for modeling a horizontal surface. The obtained models have a
high value of regression coefficient and give best fit through the measured values. This work illustrates also the use of
mathematical formula to develop a predictive model for the duration of sunshine using measured solar radiation data for
Hebron city. The present work showed that the predicted results were in good agreement with the observed data, and

the expected solar radiation behavior.

Keywords: Global Solar Radiation, Correlation Formulas, Sunshine duration.

1. INTRODUCTION

Just as the fossil fuel based energy industry relies
on exploration and proven reserves for discovery and
economic support of energy markets, the renewable
energy sector depends upon the assessment of
resources for planning and selling their energy
production technology. For solar-based renewable
energy technologies such as solar thermal or
photovoltaic conversion systems, the basic resource or
fuel available is solar radiation [1-2]. Solar energy can
be considered as the most abundant continuing source
of energy available to the human species. While solar
energy is not being used as a primary source of fuel
energy at the present time, a large research and
development effort is underway to develop economical
systems to harness solar energy and make it a major
source of fuel energy [3-4]. A prerequisite to the design
of solar collector systems is the availability of solar
irradiance data at the required location. It would be cost
effective for solar collector system when the utility load
and solar resource profiles are well matched. Due to
high and reliable solar irradiance of about 5.4 kWh/m?
day a domestic usage for solar energy in Palestine
over the life time has the potential to produce a
domestic hot water for about 330 sunny days per year
using solar collectors [5]. Solar irradiance varies with
season and time of the day due to the various Sun
positions under the unpredictable weather conditions
[6-8]. Systematic long-term data measurements are
regarded as the most effective and accurate method of
setting up the solar irradiance database. In many parts
of the world, however, the basic solar irradiance data
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for the surfaces of interest are not always readily
obtainable. Conventionally, different mathematical
models have been developed in the literature to predict
the solar irradiance on various inclined-surfaces using
horizontal data [9-11]. For places where measured data
are not obtainable, generating the required solar
radiance data from conversion solar-radiance models
would also be an appropriate solution [12-13]. Most
solar radiation data available are for horizontal
surfaces; include both direct and diffuse radiation. The
most common measurements of solar radiation are
total radiation on a horizontal surface, often referred to
as global radiation on the surface. Data on average
hours of sunshine or average percentage of possible
sunshine hours are widely available from stations in
many countries [14]. The potential solar radiation is
computed based on latitude, slope, aspect, topographic
shading and time during the year [15]. It is corrected for
monthly sunshine hours and cloudiness factors. Solar
radiation measurements provide data with huge spatial
dispersion. Many sophisticated models for computing
solar radiation, that take in the consideration more of
the astronomical, meteorological and surface
influences, have been developed [16]. In this paper,
studies on the prediction of global daily solar radiation
on horizontal surfaces have been carried out and
predicted formulas were used to model solar radiation
in Hebron. Also, the monthly average of sunshine
duration for Hebron city has been predicted. A
comparative assessment of the irradiance and sky
distribution models is reported and the characteristics
of the findings are discussed.

2. EXISTING KNOWLEDGE AND AIM OF PRESENT
WORK

Palestinian people import all of its needs of
petroleum from the Israeli market and also about 92%
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of electrical energy from the Israeli Electrical
Corporation. The production of renewable energy
contributes only 1.9% of the total energy during the
year 2009 [17]. In fact, Palestine is blessed with huge
amounts of renewable energy resources, particularly
solar and wind energies [18]. The duration of solar
radiation and its energy that reaches the ground are
becoming important spatial data. Solar radiation
research is significant not only for meteorologists but
also for foresters, agronomists, geographers and
others. Solar energy, on the other hand, is almost
unlimited and it is considered to be the energy of the
future. Solar radiation modeling has been used in
agricultural and forested areas [15, 19-20]. Incoming
solar radiation, through its influence on the energy and
water balance at the earth’s surface, affects such
processes as air and soil heating, evapotranspiration,
photosynthesis, winds, and snow melt [21-23]. In
contrast to the high cost of building and maintaining
insolation monitoring stations, spatially based solar
radiation models provide a cost-efficient means for
characterizing the spatial and temporal variation of
insolation. The solar flux model [24-26] simulates the
influence of shadow patterns on direct insolation at
discrete intervals through time. The prediction formulas
are powerful tools that can be used to model and
investigate various highly complex and nonlinear
phenomena. Solar Radiation readings are usually very
difficult if not impossible to correlate. If algebraic
correlations are developed in the standard manner the
results are usually accompanied by a high degree of
uncertainty. During the last few years, the solar
radiation data has only been presented in tabular or
graphical form. Application of such data for design
calculations can be very difficult. Many parameters
influence the amount of solar energy at a particular
standing point of the Earth’s surface; therefore, many
solar radiation models were produced in the last few
years [27-28]. By using horizontal data, different
mathematical models can be developed to predict the
solar irradiance on various inclined surfaces. In the
present paper, a correlation formula, which is more
practical and efficient than the tabulated data, has been
suggested to predict the incident daily global solar
radiation on horizontal surfaces in Hebron city at
Palestine.

3. THEORETICAL BACKGROUND

Global solar radiation is an important climate
variable with respect to many fields as agriculture or
renewable energy applications. The energy of global
radiation is influenced by incidence angle of the Sun’s

position, geomorphology of the Earth surface, and
climate. The direct solar insolation on a surface normal
to the sun's rays depends on the time of day, the time
of year, and the local latitude as well as the amount of
cloud cover [29-31]. It has been pointed out that sky's
diffuse-component is considered to be the largest
potential source of computational error [16, 32]. When
the whole sky is being considered, multiple scattering
effects from the atmospheric factors such as aerosols,
ozone and nitrogen-dioxide content on the sky diffuse
component would be complicated and difficult to
evaluate [33]. Solar radiation is the major energy
source on earth and solar energy can play an important
role in meeting the ultimate goal of replacing fossil
fuels. Currently, a local study on renewable energy
reported that solar technologies are potentially suitable
for wide scale applications in Palestinian territories [5].
These results show that Palestine need to begin to rely
more on solar energy in order to reduce the
dependence on imported expensive sources of energy.
Therefore, we recommend that the Palestinian
authority activities on solar energy should be increased
to get benefits from the large number of sunny days
during the year and the large value of global solar
radiation as was shown in the results. In general,
Palestine has a high solar energy potential, where
average solar energy is between 2.63 kWh/mZday in
December to 8.4 kWh/mZday in June, and the daily
average of solar radiation intensity on horizontal
surface is 5.4 kWh/mZday [18]. One of the applications
for the prediction models is to calculate the solar
irradiance on horizontal surfaces for solar collector
system designs. As Hebron is located at latitude of
31°57' N, it would be useful to determine the solar-
irradiance data on a horizontal surface with a tilt angle
of 31°57' facing south. The calculation of global
radiation energy was numerically simplified. Hourly
values were calculated for the mean day. Daily values
were obtained as a sum of hourly energies. The annual
global radiation energy was calculated with the sum of
energy over four years. All the calculations were
preformed in Fortran and Matlab, which is optimized for
working with matrices and it is relatively easy to
program.

3.1. Regression Coefficient and Statistical

Equations

After choosing the best correlation formula that
gives a good fitting through most reading, the
regression coefficient has been calculated to check the
prediction formula. The regression coefficient is one of
the most important indications about the correlation
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formula. If its value close to one, this means that the
regression formula is fitting through most of
measurement data. The regression coefficient can be
defined as [34]:

1)

Where

Yiis the measured value (Wh/m2 day),

G; is the calculated or predicted value from the
obtained formula (Wh/m2 day), and is the average
value (Wh/m2 day), which can be defined as:

)7 — 2:’1:1 Y’ (2)
N
The standard error, S, is an indication of variation
between the measured and predicted values because
the variance involves a sum of squares error. The

standard deviation can be defined as:

. ¥,-G)

N—-MR

S= ®3)
where N is the number of fitted points and MR is the
number of Regression coefficient. The residual can be
defined as the difference between the measured and
the predicted value as shown in the following equation:

Residual =Y, - G, 4)

The relative error is the difference between the
measured and predicted values (residual) divided by
the measured value as shown by the following
equations:

Log, )

Residual error =

i

The level of confidence associated with intervals of
measurements data is typically taken as 0.95. In the
present results for every prediction formula, the values
form the prediction formulas were calculated and the
errors were estimated, then the percentage of error
was calculated. Also, 95% prediction interval was
calculated and 95% confidence interval was also
calculated.

4. RESULTS AND DISCUSSIONS

The global solar radiation and sunshine duration
data employed in this work were supplied by the

Palestinian meteorological office. A radiometric station
was established at the Hebron city (1000 m above sea
level). During the (48-month) period from January
(2007) to December (2010), data for other periods were
checked but unfortunately there were big gaps
encountered. Measurements including horizontal solar
irradiance and sunshine duration were made on the
rooftop in a position relatively free from any external
obstructions. Data collection started before sunrise and
finished after sunset. All measurements were referred
to true solar-time. This facilitates the computations
involving solar altitude for the extraterrestrial irradiance
on unit horizontal surface and the subsequent
comparison of data for different locations. The
predicted solar irradiance values were compared with
the measured results. The comparison was conducted
on an hourly basis. Figure 1 shows the global solar
radiation data on a horizontal surface for Hebron city.
Some scatters in the data can be shown in Figure 1
since the average value of the global solar daily
radiation in Hebron has been taken for four years,
therefore the number of years used to calculate the
average global solar daily radiation is small and if the
weather is a cloudy in a summer day, the global solar
radiation value would be largely affected.
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Figure 1: Global daily solar radiation data for Hebron,
Palestine.

Meteorological data were acquired from observed
mean values on meteorological stations between 2007
and 2010. All measurements were made for hours and
decades and finally, the annual global radiation energy,
which is the energy received by horizontal plane from
the Sun in one year, was calculated from the sum of all
the energies of all the decades. Reliable solar radiance
distribution databases should be based on long-term
systematic measurements. For places where solar
radiance distributions are not available, an appropriate
model for solar radiation and sunshine duration can be
used to generate the required data.
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4.1. Correlation Formula

Radiation data are the best source of information for
estimating the average incident radiation. Lacking of
these data from nearby locations of similar climate, it's
possible to use empirical relationships to estimate
radiation on a horizontal surface as a function of time.
Four correlation formulas with high regression
coefficients have been obtained for predicting the
global daily solar radiation data for Hebron city. The
general form for these models and the values of their
constants are briefly discussed below. Observed global
solar radiation data were used to evaluate the accuracy
of each model.

Sine wave Correlation Formula with Constant Y-
Value

The general formula for the sine wave correlation
formula with constant Y-value can be represented as:

G:a2+aosin[2—m+alj (6)

a,

where ag is the amplitude, a; is the phase shift, a, is
the wave length and a; is the y intercept. By
substituting the suitable values for these constants in
equation (6), then the correlation formula for global
solar radiation for Hebron city can be written as:

G =5256.65 +2782.09 sin( 21
37543

+ 4.783) @)

The Regression coefficient, R, for the data in
equation (7) is 0.964 which indicates that the model
predicts well the global solar radiation data. The
standard error = 0.536 kWh/(mZday) which is also
acceptable and within the range.

Lorentzin Correlation Formula

The general formula for the Lorentzin correlation
formula can be represented as:

G=— ®)
1+(x—a,J
a,
where aq is the amplitude, a; is the center and a, is the
width. After substituting the values for these constants

in equation (8), then the correlation formula for global
solar radiation for Hebron city can be written as:

8220

- (x—183.4) ©)
14 222024
1198

The Regression coefficient, R, for the data in
equation (9) is 0.961 which is also a very good value
and the standard error = 0.556 kWh/(m2day) which is
also acceptable.

Gaussian Correlation Formula

G=a0exp[—0.5*(x;a‘j ] (10)

where aq is the amplitude, a; is the center and a2 is the
width. By substituting the values for these constants in
equation (10), then the correlation formula for global
solar radiation for Hebron city can be written as:

2
G =7905.65exp| —0.5 * (Lm) (11)
107.26

The Regression coefficient, R, for the data in
equation (11) is 0.960 and the standard error is 0.562
kWh/(m°day).

4" Order Polynomial Degree Correlation Formula

G=a,+tax+ax, +ax,+a,x, (12)

where ag , a;, a;, asz and a, are the polynomial
constants. By substituting the values for these
constants in equation (12), then the correlation formula
for global solar radiation for Hebron city can be written
as:

G =2706.825 —15.5442x +0.8357x” — 0.0043x + 0.0002x*
(13)

The Regression coefficient, R, for the data in
equation (13) is 0.964 and the standard error is 0.538
kWh/(m2day) which is also acceptable and within the
range.

Figure 2 shows the above four suggested
correlation formulas plotted together with the
measurements of global daily solar radiation for Hebron
city as a function of time. A nonlinear trend between
predicted and measured irradiance data is evident for
each model. Most of the estimated data are in a very
good agreement with the corresponding observed data.
To examine closely the behavior of the models, an
analysis was carried out under overcast and non-
overcast conditions

In interpreting sky conditions, climatic parameters
should initially be used as weighting factors to indicate
the degree of sky clearness so that the sky patterns
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Figure 2: Global daily solar radiation data with different
suggested prediction models in Hebron, Palestine as a
function of time (day).

can be categorized. The solar radiation at normal
incidence received at the surface of the earth is
subjected to variations due to change in the
extraterrestrial radiation in addition to the two
significant phenomena which are the atmospheric
scattering by air molecules, water and dust and the
atmospheric absorption. Astronomical data has the
lowest effect on the value of global radiation energy.
They are followed by meteorological and surface data,
which have the highest influence. Furthermore, the
application quality is almost unaffected by astronomical
and surface data. Poor meteorological data have the
highest influence on the application quality. Therefore,
better surface and astronomical data would not make a
big difference in the final quality, if we did not use
meteorological data of higher quality as well. The
quality of our application is completely satisfactory.

The changing of the mean value of the monthly
energy of global radiation in Hebron is shown on Figure
3. The data in Figure 3 for global monthly solar
radiation in Hebron has been calculated by estimating
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Figure 3: Measured average monthly daily global solar
radiation in Hebron, Palestine compared with simulated
average monthly daily irradiance at horizontal surface.

the average of the daily global solar radiation data for
each month.

The resultant global solar radiation integrates over
both sunny and cloudy days, and which average the
influence of clouds over time. The monthly energy of
solar radiation was calculated for each day and then
multiplied by 30 days to determine average monthly
radiation. Then the 4™ order polynomial correlation
formula which gives the best fit can be represented by
the following equation:

G =3603.7-1728.1% M +1059.5% M* = 140.9 % M* +53% M*
(14)

where M is the month number, i.e. January month has
a number of 1 and December month has a number of
12.

The result of the study is a dataset of annual energy
of global radiation in Hebron. The mean value of
energy of global radiation for Hebron equals 5324
kWh/m? day. It is also obvious from Figure 3 that
Palestine receives the most solar energy in June and
July (mean value 7995 kWh/m? in June and 7875
kWh/m?in July) and the least in December (mean value
2676 kWh/mZ). As expected, the energy of global solar
radiation changes the fastest around both equinoxes
and the slowest around both solstices.

4.2. Sunshine Duration

Sunshine hour (SH) is a widely-available climatic
variable measured at many meteorological stations.
The amount of SH is expressed in fractions of an hour
over a 60 min interval. It is logical to take SH = 0 for an
overcast sky and SH > 0 is considered for a non-
overcast sky. If a part of the surface is in the shadow, it
receives lesser energy than sunny areas. Figure 4
shows the Meteorological data for Sunshine duration in
Hebron which acquired from observed mean values on
meteorological stations for 4 years. The scattering in
the data is very high because the number of years
used to calculate the average sunshine duration is only
4 years. At least, measurement for sunshine duration in
any region should be taken for 10 years in order to
consider these data as the average sunshine duration
for this region. The scatter points shown on the figure
are due to this small number of years that used to
calculate the average value. It is very clear from Figure
4 that it is very difficult to suggest a correlation formula
for the sunshine duration from the available measured
data which has a high scattering value. One can
conclude, considering all the parameter effects, that
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our model provides good results only for long periods
over specific areas. As the meteorological part of our
model is rather simplified, it is inappropriate for shorter
periods. Thus, an improved meteorological model and
better meteorological data would make a great
improvement of the application results. Furthermore,
shadow algorithm could also be taken into account, but
changes would only slightly influence the results.
Therefore, it is better to use surface data of higher
quality. The data shown in Figure 4 for daily sunshine
duration in Hebron has been averaged for each month
and then presented in Figure 5. The monthly average
of SH duration was correlated using a 4" order
polynomial formula that can be represented as:

SH=721-334%M+156%M>-0.19%M>+0.007 * M*

(15)
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Figure 4: Measured average sunshine duration (SH) data in
Hebron, Palestine by days.
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Figure 5: The mean value of the monthly sunshine duration
in Hebron, Palestine.

The results of the modeled SH duration for the
location of Hebron compared against measured SH
data show a close agreement between measured and
simulated values. Also, It is clear from Figure 5 that the
maximum value of SH duration in Hebron occurs in
June and July (mean value is 11.86 h for June and

12.05 h for July) and the least in December (mean
value 5.14 h).

5. CONCLUSION

An evaluation of the predicted solar-irradiance for
Hebron horizontal surface using measured data for four
years has been conducted in the present work. A high-
quality global radiation energy model was produced
and implemented for Hebron city. The proposed
suggested model provided an excellent predictive
method for global solar radiation in addition to the
monthly averaged value of sunshine duration. The
comparison of the predictions with the tabulated values
proved that the suggested developed model could be
used to successfully model the solar radiation in
Hebron area. Accurate solar irradiance models are
needed for many applications in agriculture and
forestry. It has been found that the sine wave with y-
shift prediction formula as well as lorentzin formula and
4™ order polynomial formulas give excellent fitting and
very good regression. At least, the measurement for
solar radiation in any region should be taken for 10
years, and then the average value for these data can
be considered as the average solar incident radiation
for these regions. It was determined that the mean
value of solar energy in Hebron city equals 5324
kWh/mZday. As expected, Hebron receives the most
solar energy in June (mean value = 7995 kWh/mZday)
and July (mean value = 7875 kWh/mZday) and the least
in December (mean value = 2676 kWh/mZday).
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