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Abstract  

    The knowledge of the quantity of total solar radiation on horizontal and inclined 

surfaces is very important in the calculations of heating and cooling loads in 

architecture and in the design of certain solar energy applications such as 

photovoltaic and solar collectors. This paper estimates the total solar radiation on 

inclined surfaces in Baghdad (Lat. 33
0
 21' N      44

0
 14' long and 34m above MSL).  

A good model was used to estimate hourly total solar radiation on the inclined 

surface with different elevations (15
0
, 30

0
, 45

0
, 60

0
, 75

0
, 90

0
) from a horizontal 

surface. The mean hourly, daily and monthly variation of total solar radiation on 

horizontal and inclined surfaces were drawn and discussed. The optimum tilt angle 

over a period of a year was drawn and discussed. Linear regression equations 

correlating the mean hourly solar radiation on an inclined surface with mean hourly 

solar radiation on  a horizontal surface was deduced with high correlation coefficient 

(0.98 – 0.99). 

 

Keywords: Hourly Solar Radiation, Solar Altitude, Solar Azimuth Angle, Latitude, 

Hour Angle. 
 

بغداد لمدينة المائلة والاسطح الافقي الدطح على الداقط الذمدي الاشعاع شدة وتحليل حداب  
 

  الواحد عبد ، زكريا*يونس غانم احمد، غادة خليل بذير

  المهصل، المهصل، العخاق العلهم، جامعة والمتججدة، كلية الججيجة الطاقات قدم
 

  الخلاصة 
تعج معخفة كمية الاشعاع الذمدي الداقط على الدطح الافقي وعلى الاسطح المائلة مهمة ججا في تحجيج     

مهاقع مذاريع المنظهمات التي تعمل بالطاقة الذمدية وكحلك تعج الاساس في ترميم وتقييم اداء تلك 
والمدطحة المدتخجمة في المنظهمات. ان جميع المنظهمات الحخارية المتمثلة بالمجمعات الذمدية المخكدة 

التجفئة والتبخيج وتدويج الماء الداخن وكحلك منظهمات الخلايا الذمدية تتطلب معخفة كمية الاشعاع الذمدي 
الداقط على الاسطح المائلة بدوايا ميل مختلفة عن الدطح الافقي. لحا في هحا البحث تم حداب وتحليل القيم 

ذمدي الداقط على الاسطح الافقية والمائلة بدوايا ميل مختلفة ابتجأ من الداعية واليهمية والذهخية للإشعاع ال
   110 51وخط الطهل ' 330 15لمجينة بغجاد الهاقعة على خط العخض ' 510وبديادة قجرها  000الى  510

متخ فهق مدتهى سطح البحخ. تم رسم وتحليل التغيخات الداعية الذهخية واليهمية الذهخية  31وعلى ارتفاع 
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لكمية الاشعاع الذمدي الداقط على الاسطح ولجميع الدوايا قيج الجراسة، ولهحظ ان اقل قيم سجلت عنج 
ولجميع أشهخ الدنة. تم استنتاج عجة معادلات رياضية لحداب الاشعاع الذمدي الداقط على  000الداوية 

لى الدطح الافقي، وكانت الاسطح المائلة وبدوايا مختلفة اعتمادا على كمية الاشعاع الذمدي الداقط ع
   (0.99 -0.98) معاملات الارتباط عالية تتخاوح بين

1. Introduction 

    Quantitative data of solar radiation falling on a horizontal surface and  inclined surface are  

essential input parameters for the design of solar energy conversion systems, the selection of 

optimum sites for solar power stations, for building load analysis and for computing the 

efficiency of various systems[1]. 

The amount of total solar radiation on a horizontal surface and on an inclined surface depends 

on several parameters such as the geometry of the site (latitude and longitude), time of the 

day,  zenith distance of the sun and atmospheric parameters, and slope of the collector surface 

or photovoltaic panels[2]. 

A study of the total, diffuse, direct solar radiation on the horizontal and inclined surfaces have 

been carried out by Chandel and Aggarwal [3].  Daily and monthly values of solar radiation 

on a sloping surface  was studied and approximated by  McAneney and   Noble [4]. 

 Muzathik et al. (Malaysia) [5]estimated the hourly and daily global solar radiation on a 

horizontal plane  using empirical models and the results were compared with measured data.   

 K. J. McAneney and P. F. Noble (Muscat / Oman) [6] studied the effect of tilt angle and 

orientation of inclined surface on solar radiation flux.  Baklouit et al. (Sfax/ Tunisia) [7] used 

a different model to estimate the intensity of solar radiation on a horizontal and inclined 

surface.  Kumar et al.(India) [8]  described a detailed evaluation of solar location on monthly 

basis. 

The purpose of this paper is to estimate and analyze the intensity of total solar radiation on an 

inclined surface with slope angles of (15
0
, 30

0
, 45

0
, 60

0
, 75

0
 and 90

0
) from a horizontal 

surface. The mean hourly, daily and monthly total solar radiation on the inclined surface were 

captured and their monthly variations are discussed and analyzed.    

 

2. Position of the Sun Relative to Inclined Surfaces  

   The position of the sun with respect to an inclined surface is necessary to prescribe the slope 

of the surface to the horizontal or vertical position and its orientation. Figure 1 describes such 

surface[9]. 

β- slope of the surface from horizontal position, in degrees. 

θ – the angle between normal to the surface and sun-earth vector, in degrees.            

 
Figure 1-Position of sun relative to an inclined plane [9]. 
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3. Theoretical Part 

  Because there is no measuring instrument to measure the intensity of total solar radiation on 

horizontal and inclined surfaces they are estimated from an empirical model. 

The model used to estimate total solar radiation on inclined surface depends on several 

parameters such solar altitude angle,  solar azimuth angle and the slope of inclined surfaces 

from horizontal surfaces as in the given equation [10]:  

                                 (                      )                                                  (1) 

where Rs is the hourly total solar radiation on inclined surface, in W/m
2
; Rh is  the hourly total 

solar radiation on horizontal surface, in W/m
2
; h is the solar altitude angle, in degree, which is 

calculated from the equation: 

                            (                     )                                          (2) 

where φ is latitude of the location which is equal to 33
0
 21' for Baghdad city; δ is declination 

angle, in degree; which is calculated from the equation: 

                                   
   

   
(      )]                                                             (3) 

where dn = the day number of the year ranging from 1 on 1
st
 January to 365 on 31 December; 

ω = the hour angle, in degree; which calculated from the equation: 

                                
   

  
(    )                                                                                   (4) 

where t = the hours of day, in hour; A= the solar azimuth angle, in degree; which calculated 

from the equation: 

                                     (            )                                                                  (5) 

4. Analysis and Results 

The hourly, daily values of intensity solar radiation falling on horizontal and inclined surfaces 

with different elevations are analyzed as follow: 

4.1 Hourly Variation 

   The monthly average of hourly intensity of solar radiation falling on horizontal and inclined 

surfaces with different elevations for each month are shown in Figure 2 and the statistical 

distribution of hourly intensity of solar radiation falling on an inclined surface are shown in 

the Figure 3. 

The diurnal variation of the intensity of solar radiation falling on inclined surfaces exhibits 

similar pattern for all elevations. For all months, the peak values for all months of a year 

occur generally at solar noontime and the maximum values are listed in Table 1. This is 

because the solar radiation has travelled less distance through the atmosphere with little 

tendency for scattering, absorption and reflection during solar noontime, but minimum values 

occurred in early morning and late afternoon.  
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Figure 2- The monthly variation of hourly solar radiation falling on inclined surfaces 
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Figure 3-Statistical distribution of hourly intensity of solar radiation falling on an inclined 

surface. 

 

   From Table 1 the results show that the highest values of solar radiation over a period year 

are recorded at elevation angle 300 which equal to (7720 W/m2).  This evaluation equal to the 

latitude of Baghdad city which is called optimum tilt angle in which the solar system collects 

more solar energy  with high efficiency. 
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Table 1- The month of Solar Radiation on different inclined surface W/m
2
 

Month 0
0 

15
0 

30
0 

45
0 

60
0 

75
0 

90
0 

Jan. 266 353 417 452 456 429 373 

Feb. 381 475 536 560 547 496 411 

Mar. 547 631 672 668 617 525 397 

Apr. 661 715 720 677 587 457 296 

May 762 788 760 680 553 389 199 

Jun. 870 880 830 723 567 372 152 

Jul. 825 841 799 703 560 377 169 

Aug. 774 816 803 735 617 457 265 

Sep. 648 723 748 722 648 528 373 

Oct. 460 550 601 612 581 510 404 

Nov. 311 402 466 499 497 461 394 

Dec. 227 308 368 403 410 390 342 

Total 6642 7482 7720 7434 6640 5391 3775 

Average 554 624 643 620 553 449 315 

4.2 Daily variation 

      The mean daily values of solar radiation intensity with different inclined surfaces are 

shown in Figure 4. I It can be seen that the variation of solar radiation on the inclined surfaces 

of angles (45, 30, 15, 0) degree have similar pattern.  It starts with small values from January 

and increases gradually to June when it records   maximum values and then decreases to 

minimum values in December.  

 
Figure 4- Monthly variation of mean daily solar intensity radiation on inclined surfaces. 

 

     But on inclined surfaces (60, 75, 90) degree, it starts with large values in January and then 

decreases to minimum values in June and then increases in December. Table 2 shows the 

maximum and minimum values for all inclined surfaces with their months. These results are 

in agreement  with  a previous study  conducted in Mosul city [11]. 
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Table 2- The maximum and minimum values for all inclined surfaces with its months. 
Tilt angle 

(degree) 

max. values 

(W/m
2
) 

month min. values 

(W/m
2
) 

month 

0 5764 Jun 1093 Dec. 

15 5718 Jun 1538 Dec. 

30 5282 Jun 1877 Dec. 

45 4502 Jun 2088 Dec. 

60 3873 Sep. 2159 Dec. 

75 3164 Sep. 2118 Dec. 

90 2825 Feb. 1862 Dec. 

4.3The Optimum Tilt Angle 

    Figure 5 explains the monthly variation of optimum tilt angle which starts with high values 

in January at 60
0
 tilt angle and reduces to minimum values at summer months at a tilt angle of 

15
0
 and then increases in December at 60

0
 tilt angle. This variation is a result of the monthly 

variation of solar altitude angle. The average optimum tilt angle over a period of a year was 

found to be 33
0
 37

'
 which is equal to the latitude of Baghdad city (Baghdad latitude 33

0
 21

'
). 

In the summer months the optimum tilt angle was reduced to 15
0
, but in the winter months it 

increased to 51
0
.   

 
Figure 5-The monthly variation of optimum tilt angle. 

 

4.4 The Correlation Between Solar Intensity on Inclined Surfaces with that on the 

Horizontal Surface: 

The mean hourly of solar radiation falling on inclined surfaces and mean hourly of solar 

radiation falling on horizontal surfaces for the recorded period are correlated.  

The curve fitting method was applied as shown in  Figure 6 and four  second-order 

polynomial regression equations of the form(y=Ax^2+Bx+c) were  deduced. 
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Figure 6-The second order equation correlation between mean hourly solar radiation falling 

on inclined surfaces with falling on horizontal surface. 

The values of A, B and C for the deduced equations and its Root Mean Square Error (RMSE), 

Mean Bias Error (MBE), Standard Deviation (S.D) and correlation coefficient (C.C) are 

shown in Table 3. These equations are useful to estimate the values of solar radiation intensity 

on inclined surfaces when there is no instrument. 

 

Table 3- The fitted second order equations of (SRIS) as a function of (SRhS) and it is 

(RMSE), (MBE), (S.D) and (C.C). 

Tilt angle A B C C.C MBE RMSE S.D 

15
0 

.0011 .0417 1.8085 0.9904 -0.242 0.4919 0.428 

30
0 

.0012 .163 -12.495 0.9922 -0.279 0.528 0.448 

45
0 

.0014 .161 .5193 0.9974 -0.319 0.565 0.466 

60
0 

.0011 .4949 -3.1071 0.9894 -0.225 0.4743 0.418 

5. Conclusions 

The following points were concluded from this work: 

1- The maximum values of intensity of solar radiation falling on inclined surfaces occurs at 

solar noontime as a result of high solar altitude angles and low optical air mass. 

2- The highest values of solar radiation intensity on all inclined surfaces were recorded in 

June and the lowest values were recorded in December. 

3- The average optimum tilt angle over a period of the year was equal to 33
0
 37

'
 which is 

equal to the latitude of location of Baghdad city. 

4- In summer months, the optimum tilt angle was equal to φ - 20 degree where φ is the 

latitude of Baghdad city. 

5- In winter months, the optimum tilt angle was equal to φ + 20 degree. 
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6- The mean daily values of solar radiation falling on different inclined surfaces are drawn 

and discussed, and the maximum and minimum values for all inclined surfaces  were 

explained in the Table 2. 

7- Four second-order equations are deduced between mean hourly solar radiation falling on 

inclined surfaces and mean hourly on a horizontal surface with high correlation coefficient of 

(0.98-0.99). 

8- The minimum values of solar radiation intensity on a period of year are recorded at 90 

degree elevation from a horizontal surface for all months.  

 Nomenclature 
β- slope of the surface from horizontal position, degree. 

θ – the angle between normal to the surface and sun-earth vector, degree. 

Rs - the hourly total solar radiation on inclined surface, W/m
2
.  

Rh - the hourly total solar radiation on horizontal surface, W/m
2
. 

h - solar altitude angle, degree. 

φ - latitude of location (Baghdad city 33
0
 21'(. 

δ - Declination angle, degree.  

dn - the number of days  in the year. 

ω - the hour angle, degree. 

t - the hours of days, hour. 

A- the solar azimuth angle, degree. 
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