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Abstract

The availability of hourly and daily solar radiation data is considered one of the important design tools for several
solar energy applications. The objective of this work is to develop a model to calculate the hourly solar radiation
falling on a horizontal surface in Beni-Suef City, Egypt via a validated simulation model. This model will help
the researchers in Upper Egypt’s universities along with the designing of solar energy projects in the Beni-Suef
City residential and industrial zones. The average solar radiation is calculated daily on hourly basis throughout
the year, then the monthly average solar radiation is estimated. The results indicated the maximum value of
average solar radiation is in June, 2019 as 8.1 kWh/m?/day. Solar radiation is also calculated with several tilt
angles to find out the optimum tilt angle that enables the surface to receive maximum solar radiation. The
calculations focused on empirical equations of solar radiation and the experimental measurements obtained from
the nearest station to the location. The model describes solar equations that can be used to estimate global
irradiance. Also, it shows the parameters of the system and climate change of the specific site (Beni-Suef City).
Results are validated by comparison between the measured, calculated, and published reference data for the
specific site and obtained good agreement with each other. It is found also that the optimal tilt angle that rece ives
maximum solar radiation is 29 deg. which comply with the latitude angle of Beni-Suef City.
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their long-term efficiency and estimate the accurately
productivity of photovoltaic modules that turn solar
Introduction energy directly into electricity or thermal solar
systems [2]. Solar energy especially in remote and
Solar energy is a renewable, efficient, economic, arid areas is the more suitable choice for water
friendly, pollution free and generous source of energy desalination and wastewater treatment via systems

on.ear_th’s surface. Sun releases t_his energy and some such as an integrated solar greenhouse [3]. At any
of it hits the planet. The geometrical relation between location, satellite imagery and measurements using

earth and sun can be analytically calculated by taking appropriate measures are the best method of learning
into account the solar angles and other solar radiation and understanding about the availability of the solar
parameters [1]. In some countries, the solar radiation radiation. Another way is to establish a relation
has a great potential to be utilized in various solar between a given location' s astronomical, physical,
energy applications. Exact information on the meteorological and geological parameters in order to
availability of solar radiation is critical for estimate the Global Solar Radiation (GSR) with time.

researchers. The development of solar energy The correlation between these parameters and GSR
systems, including global solar radiation, evaluated can be used. This way allows the development of
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statistical model for earth’s surface through varies
parameters in the calculation of GSR. These
parameters  include duration of  sunshine,
extraterrestrial radiation, ambient temperature,
relative humidity, soil temperature, altitude and
latitude. The model is used for measuring GSR in the
case of sunshine period to obtain amount of solar
radiation. If the sunshine is not long, then other
parameters may be useful alternative these
parameters include hours of sunshine, extraterrestrial
radiation and relative humidity as reported by
Bakirci, 2009 [4]. Unfortunately, Bayrakgi etal, 2018
indicated that solar radiation measurements are not
easily recorded in sewveral deweloping countries
because of the high cost of equipment and the
maintenance [5]. The global solar irradiations
consisted of the direct beam and diffuse one [6].
Solar radiation models may be categorized according
to varies parameters to obtain optimum radiation.
These parameters include some of input and output
parameters like meteorological data, climate data,
timing including daily, monthly averages weekly,
hourly, ground inclination including horizontal,
inclined surfaces, weather type during clear sky and
sky conditions, and global, beam radiation or diffuse
[7]. GSR can be determined in different cases such
as horizontal and inclined surfaces by using specific
model. The major parts of setup the model depend on
the latitude and the longitude [8]. Since the
evaluation model was greatly affected by position
latitude, it is major to find the exact model in each
area. The researchers, generally, select some models
in previous studies using various latitudes close to
their latitude region [9-11]. Obtaining the optimum
tilt angle is considering the most efficient way to
receive maximum solar radiation on photovoltaic
module [12]. The Model could be adapting with some
parameters of location as latitude and longitude [13].
Kais etal. [14] estimated of HSR of specific day 15"
in all months of a year and compared the obtained
data with the measured. Gad [15] applied an
effective model on hourly solar radiation linked with
the performance of specific system, and choose 21"
day of some months such as (June, March and
December) at different latitude angles to reach the
maximum value of solar radiation as 920, 810, and
510 W/m?, respectively. He explored the same results
at different tilt angles. Matasane et al. [16] presented
a theoretical study of specific system and
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mathematical modeling depends on solar radiation.
They also showed effective of environmental impact
as temperature, solar radiation and humidity through
all months of a year and calculate annual of solar
radiation. The annual direct and diffused were found
to be 21.3 MJ/m® and 6.3 MJ/m? respectively.
Mohamed [17] studied the artificial neural network
(ANN) models for validating and predicting global
solar radiation (GSR) ona horizontal surface of three
Egyptian cities. It is found that ANN-based model is
an efficient method which has higher precision. The
statistical indicators are used to investigate the
performance of ANN models. Basic backpropagation
(Bp) with momentum and learning rate coefficients
model is the most suitable for predicting GSR on a
horizontal surface of all cities. In this study, the
estimation and experimental validation of global
hourly solar radiation on a horizontal surface for all
days of the year 2019 are presented. The comparison
between calculated and measured data were found in
good agreement with each other for some months.
Also, the calculated data were compared with the
measured data from geographical program, RET
Screen [18] and another referenced published article.
These comparisons showed significant agreement
with the current study.

Theoretical model of solar radiation data

Figure 1, and Figure 2 illustrate solar energy
map of Egypt and the geographical data of Beni-Suef
City, Egypt, respectively. Geographical data for
Beni-Suef in Egypt has coordinate longitude
(31.1086578°) and latitude (29.0419507°) that used to
evaluate the current model. The flow chart of the
model for calculation of the GSR on horizontal
surface is given in Fig. 3. The Measured data of
hourly GSR for 2019 are obtained from the nearest
station from the specific site (Beni-Suef).

The Hourly global solar radiation is incident
on a horizontal surface (G- B, + D, ) where B,
and D, are the beam and diffuse solar radiation,
respectively, and can be determined as [19].

G, =G 07™ 1)

which G ;, is defined as the extraterrestrial irradiance
on a horizontal surface and m is the air mass.

G,, =G, + [1+0.033cos(2N /365)]sin o @)
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Fig. 1. Solar Energy map of Egypt [24]
where G, isthe solar constant =1367 W/m? and N is
the day number starting from January.
m = [1229+ (614sin o<)*]** — 614 sin (3)
where a is refers to altitude angle which is given by
[20].
sina = (cosLcos §cos H +sinLsind) (4)
L is the latitude of the place, H is solar hour angle
and & is defined as declination angle given by
Cooper’s equation [20].

§ = 23.45sin (zn””‘“)
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Fig.2. Geographical location of Beni-Suet: City.
The hour angle (H) is equivalent to 15°/H with
positive sign in the morning (+) and negative sign at
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afternoon (-) and based on local solar time and is
given by [20].

H = (local time -12) 15° (6)
The model which used for determination GSR at tilt
angle is I is the global solar radiation intensity on
the tilted surface represents the beam, diffuse and
reflected radiation and can be calculated from [20].

Ip=Ry*1I, +1, (“Z“‘*‘E)+ Ip, (1':“‘9)

7
:

For 12 months,365days,24 hours

v

Calculate solar declination angle (8), hour

v

Calculate solar time (ST)

|

Calculate extraterrestrial irradiance
(Fnh]
v

Calculate Global radiation on a
horizontal surface (G,, )

|

Fig.3. Flow chart for GSR on horizontal surface.

Dividing equation 7 by |

R="L

_ Iy | Ig l+cosf 1-cosf

= Ry +;( z )+p5( z ) ®)
Where [and I; are beam and diffuse solar

radiation respectively on a horizontal surface and K,
is the beam tilt factors respectively given by

cos(L—f) cosd coeH+esinlL—f) sin d
Rb - coslcoed sin H+sin Leiné ©)
Where, L is the latitude angle of the place and f is the
array tiltangle, H solar hour angle defined by H=(12-
t) x15° (t is the local time ,h) , § is solar declination
angle given by equation (5).

-B

I, = Agsin=
1, =CB,

(10)
(11)
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Where A, the apparent solar extraterrestrial
irradiation, B, the atmospheric extinction coefficient,
are functions of the date and take into account the
seasonal variation of the earth-sun distance and the
air’s water vapor content. C is ratio of the diffuse
radiation on a horizontal surface to the direct beam
normal irradiation [21]. The steps of calculation
global solar radiation at tilt angles are shown in the
following flowchart which given by Fig. 4. The
absorbed energy by the tilted absorber plates can be
presented as follows [22]

1+ cos,
S=1I,R,(ta), + 1,(ta), —ﬁ

1—co3z
+p, (I, + 1) (1a) , 2

(12)

Results and discussions

The hourly solar radiation is calculating based on the
presented mathematical model after taking all the
assumptions and affecting parameters into
consideration. The calculations are done on daily
basis throughout the year. Large No. of solar
radiation data is delivered from the simulation
program from first January to 31% of December.
Figure 5 illustrates a sample of 5 days-data of each
season to represent the solar radiation variation
throughout the year incident on horizontal surface. It
is clear from the figure that the solar radiation
variations comply with the nature of the solar
radiation spectrum as it is started from sunrise and
increased gradually until reached its maximum value
at noon and decreased gradually to zero value after
sunset.

In order to make validation of the mathematical
model, the output calculated data are compared with
actual measuring data using solar pyranometer as
shown in Figs. 6-9.

The pyranometer measures the global horizontal solar
irradiance (GHI); which is composed of diffuse
horizontal solar irradiance (DHI) from the sky and
surrounding and direct normal solar irradiance (DNI)
from the sun. Its specifications can be tabulated in
Table 1.
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Table 1 Solar Pyranometer Specifications

sensitivity 5to 20p\V/W/m2

Impedance 20t0200Q

Expected output range (0 to 0to 30mV

1500 W/m2)

Maximum operational 2000 W/m2

irradiance

Response time (63%) <6s

Response time (95%) <18s

Spectral range (20% points) 285 to 3000nm

Spectral range (50% points) 300 to 2800nm

Directional response (upto 80 | <20 W/m2

° with 1000 W/m2 beam)

Spectral selectivity (350 to <3%

1500 nm)

Tilt response (0 °to 90 ° at <1%

1000 W/m2)

Temperature response <5% (-10°Cto
+40 °C)

Field of view 180°

Accuracy of bubble level <0.2°

Detector type Thermopile

Operating and storage -40°Cto=80°C

temperature range

Ingress Protection (IP) rating 67
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Fig. 5 Calculated data of hourly global solar radiation
at some days of each month for Beni-Suef City.
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A sample day in each season is presented. Fig. 6
represents a comparison between calculated and
measured hourly global solar radiation in summer
season while Fig. 7, Fig. 8, and Fig. 9 represent this
comparison in autumn, spring and winter seasons
respectively. All the presented figures are showed
good agreement between calculated and measured
data of hourly solar radiation throughout the day.
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Fig. 6. Comparison between calculated and measured
hourly global solar radiation.
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Fig. 7. Comparison between calculated and measured
hourly global solar radiation.

Another comparison was made to confirm validation
of the calculated mathematical model is to compare
the calculated data with the output data of
commercially available software for daily average
solar radiation (RET Screen Software) [18] and
author published referenced article (Ibrahim et. al.
[23]. The comparison was made for Beni-Suef city,
Egypt as shown in Fig. 10.
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Fig. 8. Comparison between calculated and measured
hourly global solar radiation.
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Fig. 9. Comparison between calculated and measured
hourly global solar radiation.

Egypt. J. Chem. 63, No. 11 (2020)

It is clear from the figure that there is good agreement
between the calculated mathematical model and the
previously published references which provide good
confidence in the calculation procedure and the
output data of solar radiation can be utilized in the
research work in Beni-Suef city, Egypt either in the
academic field or in designing solar systems in
industrial field. It is concluded also that the
maximum value of the daily solar radiation falling on
horizontal surface is 8.2 kWh/m?/day.
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Fig.10 Comparison between the calculated average
solar radiation data on horizontal surface with RET
Screen Software [18] and Ibrahim et al. [23]

As the tilt angle is considered one of the most
important parameters that affect the value of the
estimated hourly or daily solar radiation. The present
mathematical model was run to deliver the measured
values of the average daily global solar radiation to
provide annual, seasonal, monthly and daily values
either on horizontal and tilted surfaces.

Figure 11 represents the daily average global solar
radiation values with different tilt angles Beni-Suef
City, Egypt. It is cleared from the figure that the
optimal tilt angle was found to be 29° that received
maximum solar radiation of 8.82 kWh/m?/day and is
complied with the latitude angle of Beni-Suef City,

Egypt.

It is found also from Fig. 11 that the percentage of the
daily solar radiation to the optimal tilt angle was
99.5%, 94.3%, 91.5%, 78.7 %, and 58.3 %
corresponding to 25, 30, 0, 60, and 90 tilt angles,
respectively.
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Fig. 11 The daily average of GSR at different tilt angles.
Solar Pyranometer Simplified Error Analysis

The uncertainty components of the solar pyranometer
can be expressed as follows:

'U:l'nd = *..-'If'U:Ey_q + [zxusrdjz (13)
Where

U.yg = mean of base uncertainties (%)

U,q, Standard deviation, base

E+ =100 Zmax—R (14)
E— =100 = —"mn (15)

£

Where

RSax highest responsivity

RSmin, lowest responsivity

RS, mean responsivity

The combined The uncertainty can be expressed as
U+=+ (U, +E+) (16)
U-= —(Upa +E-) (17)
Based on the pyranometer data, the uncertainty is

found to be +2.5% to 10 % of full scale 1000 W/m?
i.e. 25-100 W/m?

Conclusion

The objective aims of this work are to develop a
model to calculate the hourly solar radiation falling
on a horizontal surface in Beni-Suef City, Egypt viaa
validated simulation model. This model will help the
researches in Upper Egypt universities along with the
designing of solar energy projects in the Beni-Suef
City residential and industrial zones. Some
concluding remarks are delivered and can be
summarized in the following points:

1- The calculated data show the maximum
values of solar radiation on horizontal
surface at 12 noon in June are 8.1
KWh/m?/day.

2- The output calculated data are validated
through comparing with actual measuring
data using solar pyranometer and it is found
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that there is a good agreement between
calculated and measured data of hourly solar
radiation throughout the day for all seasons.
Another validation was made by comparing
the calculated mathematical model with the
output data of commercially available
software for daily average solar radiation
(RET Screen Software) [18] and author
published referenced article (lbrahim S. M.
A et. al. [23]. The comparison was made for
Beni-Suef City, Egypt and it is found that
there is good agreement between the
calculated mathematical model and the
previously published references which
provide good confidence in the calculation
procedure and the output data of solar
radiation can be utilized in the research
work in Beni-Suef City, Egypt either in the
academic field or in designing solar systems
in industrial field.

It is found that the optimal tilt angle was 29°
that received maximum solar radiation of
8.82 kWh/m?/day which is complied with
the latitude angle of Beni-Suef city, Egypt.
It is found also that the percentage of the
daily solar radiation to the optimal tilt angle
was 99.5% , 94.3%, 91.5%, 78.7 %, and
58.3 % corresponding to 25, 30, 0, 60, and

90 tilt angles respectively.

Nomenclature

I

lg
I

Il"
Gﬂ'h

G

a0

Ry

O @

beam solar radiation, W/ m*

diffuse solar radiation, W/ m?

Hourly global solar radiation is incident
on a horizontal surface, W/m?

The global solar radiation intensity on
the array tilted surface, W/m?
Extraterrestrial irradiance ona
horizontal surface, W/m?

Solar constant =1367 W/m?*

Beam tilt factor (ratio of beam radiation
on tilted surface to that on horizontal
surface)

The apparent solar extraterrestrial
irradiation, W/m?

The atmospheric extinction coefficient,
Ratio of the diffuse radiationona
horizontal surface to the direct beam
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normal irradiation

DHGSR  Daily Hourly Global Solar Radiation,
kwh/m?
GSR Global Solar Radiation, W/m?
H Hour angle, h
HSR Hourly Solar Radiation kWh/m?
L latitude Angle
m Air mass
SR Solar Radiation, W/m®
S absorbed energy by the absorber, W/ m?
t Localtime, h
a Altitude angle
B Array tiltangle
04 ground reflectance
N Day number
3 Declinationangle
7 transmissivity
References

[1] C. L. Cheng, C. Y. Chan, and C. L. Chen. "An
empirical approach to estimating monthly
radiation on south-facing tilted planes for
building application." Energy 31-14 (2006)
2940-2957.

[2] A. M. Noorian, I.C. Moradi, and G. A. Kamali.
"Evaluation of 12 models to estimate hourly
diffuse irradiation on inclined
surfaces." Renewable energy 33-6
(2008):1406-1412.

[3] M.H. El-Awady; H.H. EI-Ghetany; K.M.
Aboelghait; A.A. Dahaba, Zero Liquid Dischargt
and Recycling of Paper Mill Industrial
Wastewater via Chemical Treatment and Solar
Energy in Egypt, Volume 62, Special Issue (Part
1) Innovation in Chemistry, December
2019, Page 37-45

[4] K. Bakirci, "Models of solar radiation with hours
of bright sunshine: a review." Renewable and
Sustainable Energy Reviews 13-9 (2009)
2580-2588.

[5] H.C. Bayrakgi , C. Demircan, and A. Kegebas.
"The dewelopment of empirical models for
estimating global solar radiation on horizontal
surface: A case study."Renewable and
Sustainable Energy Reviews 81 (2018) 2771-
2782.

[6] HW.Li. Danny, and S. Lou. "Review of solar
irradiance and daylight illuminance modeling
and sky classification." Renewable Energy 126
(2018) 445-453.

[7] M.A. Hassan, A. Khalil, S. Kaseb and M.A.
Kassem . Independent models for estimation of

Egypt. J. Chem. 63, No. 11 (2020)

daily global solar radiation: A review and a
case study."Renewable and Sustainable
Energy Reviews 82 (2018) 1565-1575.

[8] C.A.  Gueymard,”A review of walidation
methodologies and statistical performance
indicators for modeled solar radiation data:
Towards a better bankability of solar
projects."Renewable and Sustainable Energy
Reviews 39 (2014) 1024-1034.

[9] AA. El-Sebaii, et al. "Global, direct and diffuse
solar radiation on horizontal and tilted surfaces
in Jeddah, Saudi Arabia." Applied energy 87-
2 (2010) 568-576.

[10] M. Koussa, D.S. Koussa , M. Hamane , Z
Boussaa and M. A. Lalaoui . "Effect of a daily
flat plate collector orientation change on the
solar system performances.” 2016 7"
International Renewable Energy Congress
(IREC) . IEEE, 2016.

[11] C. Demain, M. Journée, and C. Bertrand.
"Evaluation of different models to estimate the
global  solar radiation on inclined
surfaces.” Renewable Energy 50 (2013) 710-
721.

[12] T. Khatib, A. Mohamed, M. Mahmoud and K.
Sopianc . "Optimization of the tilt angle of
solar panels for Malaysia." Energy
Sources,Part A: Recowery, Utilization and
Enviromental Effects 37-6 (2015) 606-613.

[13] S.AM. Maleki, H. Hizam, and C. Gomes.
"Estimation of hourly, daily and monthly
global solar radiation on inclined surfaces:
Models re-visited."Energies 10-1 (2017) 134-
162.

[14] KJ. Al-Jumaily, M F. Al-Zuhairi, and ZS.

Mahdi. "Estimation of clear sky hourly global
solar radiation in Irag." International Journal of
Energy and Environment 3-5 (2012) 659-
666.

[15] H.E. Gad. '"Performance prediction of a
proposed photowoltaic water pumping system
at South Sinai, Egypt climate
conditions." Thirteenth International Water
Technology Conference, IWTC13. 2009.

[16] C. Matasane, C. Dwarika, and R. Naidoo
"Modelling the Photowoltaic Pump Output
Using Empirical Data from Local Conditions
in the Vhembe District." World Academy of
Science, Engineering and Technology,
International Journal of Electrical, Computer,
Energetic, Electronic and Communication
Engineering 8-11 (2014) 1717-1722.

[17] Z E. Mohamed, Using the artificial neural
networks for prediction and validating solar
radiation, Mohamed Journal of the Egyptian
Mathematical Society (2019) 27:47,



Estimation and Validation of a Clear Sky Hourly Global Solar Radiation

https://doi.org/10.1186/s42787-019-0043-8
[18] https://www.nrcan.gc.ca > energy > Ret screen.
[19] A. Meinel and M. Mainel. Applied Solar Energy,
An Introduction, Addison-Wesley, Reading,
MA, 1976.
[20] J.A. Duffie, and W.A. Beckman. Solar
engineering of thermal processes. John Wiley &
Sons, 2013.

[21] FJ. Snow. “American Society of Heating,
Refrigeration, And Air Conditioning
Engineers (ASH RAE) Thermographic
Standard 101 P." Thermal Infrared Sensing
Applied to Energy Conservation in Building
Enwvelopes. Vol. 313. International Society for
Optics and Photonics, 1982,

[22] H. H. EI-Ghetany and N.M. Khattab,
Mathematical modeling for performance
prediction of a humidification —
dehumidification solar water desalination
system in Egypt, Egypt. J. Chem. 59, No. 2,
pp. 145- 162 (2016)

[23] S.M.A. Ibrahim, H.H. El-Ghetany, and A.G.M.
Shabak. "Mathematical and Performance
Evaluation for a Solar Water Pumping
System in Egypt."Journal of Al-Azhar
Uniwversity Engineering Sector 13-48 (2018)
946-957.

[24] https://solargis.co/maps-and-gis-data/ download

leqypt.

Egypt. J. Chem. 63, No. 11 (2020)

4491


https://solargis.co/maps-and-gis-data/%20download%20/egypt
https://solargis.co/maps-and-gis-data/%20download%20/egypt

