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Abstract  The aim of this study was to identify the opportunity of optimising the collection of solar energy as far as it is 
available in order to increase its utilisation. The second aim of this study was to enhance the performance of solar energy 
harvesters that depend on it through the appropriate determination of optimum solar collector tilt angles. In this study, 
ASHRAE clear sky model is applied to calculate the solar radiation; and the fundamental solar energy equations were 
programmed to determine optimum tilt angles in any location on the earth. The optimum tilt angle was presented in a 
polynomial form to enable the most convenient use of the function of latitude angle on a Julian day in a monthly, seasonal and 
an annual manner. According to the comparison between the obtained results with those of the local measured authoritative 
data and those of NASA published data, it can be safely recommended that these polynomials be used especially in mid and 
high latitudes ( > 20°) in the two hemispheres. The presented study could serve as a reference for the domestic solar electrical 
and thermal applications.  
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1. Introduction 
Power supply affects a lot a country’s economic activity. 

Currently, fossil fuel is the most important part of power 
supply in the world; however, for the consideration of the 
issue of environment pollution, renewable energy -including 
solar energy, wind energy, and biomass energy-is being paid 
more and more attention. Solar energy is the best choice for 
most of the areas all over the world [1] as it can be utilized 
through solar collector or photovoltaic (PV) cell. Many 
researchers have been dealing with this subject, but they 
almost were able to determine the optimum angle for limited 
locations only [1-14]. In addition, a comprehensive research 
like this current study is not dealt with in the related literature; 
In fact; this was the motive to carry out this research which 
extends comprehensively to present formula for the optimum 
tilt angle of flat solar harvesters for any location and any 
time. 

To maximize the collected energy, proper installing of the 
collector is really needed. One way is to install the solar 
collectors in the correct tilt and orientation angle, in which 
they would obtain the maximum insolation over a specific  
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period of time. The tilt angle depends mainly on the position 
of the sun and, therefore, is different from one location to 
another all over the world; in regard to the best orientation 
angle, it is advised to be directed towards the equator. There 
are already plenty of investigations dealing with this subject 
to optimize solar power systems according to the correct tilt 
angle or orientation. Many authors have provided empirical 
models to calculate the optimum tilt angle �𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 �  by 
searching for the maximum total solar radiation on the 
collector surface. In reference to a specific period of time and 
purpose, daily, monthly, seasonally or yearly values have 
been calculated [15-17]. Elsayed in [18] also presented an 
analytical model based on long-term averaging of solar data. 
He outlined values of optimum tilt angles given in different 
literature and conducted that value of tilt angle that can be 
recommended. 

In fact there is a wide range of tilt (±20) which is 
dependent on the applied model and the location. Some 
authors noted the existence of a correlation between the 
optimum tilt angle and the latitude. Frequently, it is 
recommended to apply the rule of thumb, in which the yearly 
optimum tilt angle is about �𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐿𝐿 ± 15°� (L: latitude) 
and a difference of tilt with about 10° would hardly affect 
the performance. Authors of [19] determined monthly 
optimum tilt angles for Izmir, Turkey; they found the 
optimum tilt angle �𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 � to be equal to U throughout the 
year, while for summer �𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐿𝐿 − 15°� and for winter 
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�𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐿𝐿 + 15°�  was suggested, these values were 
suggested also by [20]. They advised to mount the solar 
collector at the monthly average tilt angle. During the last 
decade there have also been investigations by using 
simulation software. This software which was developed in 
order to simulate an entire solar power plant, takes the most 
influential parameters into account. The soft ware usually 
possesses a database of monthly mean global radiation data 
and different empirical models: for example authors of [21] 
applied the simulation software TRNSYS to calculate the 
optimum tilt angle for Cairo, Egypt. What they did was 
calculating the monthly mean of solar radiation data and 
compared it with the output power of solar cells. They stated 
the yearly optimum tilt angle to be (𝐿𝐿 → 𝐿𝐿 + 15°).  

2. Modelling of Solar Radiation on Tilt 
Surface 

The moment the solar radiation, which is coming from the 
direction of the sun, reaches the earth’s surface without being 
significantly scattered is called direct normal irradiance (or 
beam irradiance). Some of the scattered sunlight is scattered 
back into space and some of it also reaches the surface of the 
earth. The scattered radiation reaching the earth’s surface is 
called diffuse radiation. Some radiation is also scattered off 
the earth’s surface and then re-scattered by the atmosphere to 
the observer. This is also part of the diffuse radiation which 
the observer can see. This amount can be significant in areas 
in which the ground is covered with snow or reflectors. The 
total solar radiation on a horizontal surface is called global 
irradiance and it is the sum of incident diffuse radiation plus 
the direct normal irradiance projected onto the horizontal 
surface. If the surface under study is tilted with respect to the 
horizontal, the total irradiance is the incident diffuse 
radiation plus the direct normal irradiance projected onto the 
tilted surface plus ground reflected irradiance that is incident 
on the tilted surface. 

As recommended by ASHRAE (1985) and presented in all 
text books of solar energy [22, 23], hourly global radiation 
(𝐻𝐻𝑜𝑜), hourly beam radiation (𝐻𝐻𝑏𝑏 ), hourly diffuse radiation 
(𝐻𝐻𝑑𝑑 ) and hourly reflect radiation (𝐻𝐻𝑟𝑟) on the inclined surface 
on a clear day are calculated using the following expression: 

𝐻𝐻𝑜𝑜 = 𝑅𝑅𝑏𝑏𝐻𝐻𝑏𝑏 + 𝑅𝑅𝑑𝑑𝐻𝐻𝑑𝑑 + 𝜌𝜌𝑔𝑔𝑅𝑅𝑟𝑟𝐻𝐻𝑟𝑟        (1) 

𝐻𝐻𝑏𝑏 = 𝐻𝐻𝑏𝑏𝑏𝑏 𝑐𝑐𝑜𝑜𝑠𝑠𝜃𝜃𝑍𝑍               (2) 

𝐻𝐻𝑑𝑑 = 𝐶𝐶𝐻𝐻𝑏𝑏𝑏𝑏                   (3) 
𝐻𝐻𝑏𝑏𝑏𝑏 = 𝐴𝐴𝐴𝐴𝐴𝐴𝑜𝑜(−𝐵𝐵 𝑐𝑐𝑜𝑜𝑠𝑠𝜃𝜃𝑍𝑍⁄ )          (4) 

Where: 𝐻𝐻𝑏𝑏𝑏𝑏  is the beam normal radiation [𝑊𝑊 𝑚𝑚2⁄ ], A is 
the apparent solar-radiation constant in [𝑊𝑊 𝑚𝑚2⁄ ], B is the 
atmospheric extinction coefficient, and C is the diffuse sky 
factor and there values are tabulated in table 1 for a widely 
range of latitudes 0° ≤ 𝐿𝐿 ≤ 64°. 
𝑅𝑅𝑏𝑏 ; 𝑅𝑅𝑑𝑑  and 𝑅𝑅𝑟𝑟  are coefficients and 𝜌𝜌𝑔𝑔  is ground 

Albedo and was assumed to be 0.5. is the ratio between 
global solar energy on a horizontal surface and global solar 
energy on a tilt surface. Meanwhile, 𝑅𝑅𝑑𝑑  is the view factor 
between the sky and the tilt surface and 𝑅𝑅𝑟𝑟  is the view factor 
between the ground and the surface that tilted at angle (𝑠𝑠) 
from the horizontal. These coefficients evaluated from: 

𝑅𝑅𝑏𝑏 = 𝑐𝑐𝑜𝑜𝑠𝑠 (𝜃𝜃𝑖𝑖)
𝑐𝑐𝑜𝑜𝑠𝑠 (𝜃𝜃𝑧𝑧)

               (5) 

for isotropic diffuse: 

𝑅𝑅𝑑𝑑 = 1+𝑐𝑐𝑜𝑜𝑠𝑠 (𝑠𝑠)
2

              (6) 

𝑅𝑅𝑟𝑟 = 1−𝑐𝑐𝑜𝑜𝑠𝑠 (𝑠𝑠)
2

              (7) 

where: 𝜃𝜃𝑖𝑖  is the solar incident angle and it is given by: 
𝑐𝑐𝑜𝑜𝑠𝑠(𝜃𝜃𝑖𝑖) = 𝑠𝑠𝑖𝑖𝑏𝑏(𝛿𝛿)𝑠𝑠𝑖𝑖𝑏𝑏(𝐿𝐿)𝑐𝑐𝑜𝑜𝑠𝑠(𝑠𝑠) − 

𝑠𝑠𝑖𝑖𝑏𝑏(𝛿𝛿)𝑐𝑐𝑜𝑜𝑠𝑠(𝐿𝐿)𝑠𝑠𝑖𝑖𝑏𝑏(𝑠𝑠)𝑐𝑐𝑜𝑜𝑠𝑠(𝜑𝜑) + 
𝑐𝑐𝑜𝑜𝑠𝑠(𝛿𝛿)𝑐𝑐𝑜𝑜𝑠𝑠(𝐿𝐿)𝑐𝑐𝑜𝑜𝑠𝑠(𝑠𝑠)𝑐𝑐𝑜𝑜𝑠𝑠(ℎ) 
+𝑐𝑐𝑜𝑜𝑠𝑠(𝛿𝛿)𝑠𝑠𝑖𝑖𝑏𝑏(𝐿𝐿)𝑠𝑠𝑖𝑖𝑏𝑏(𝑠𝑠)𝑐𝑐𝑜𝑜𝑠𝑠(𝜑𝜑)𝑐𝑐𝑜𝑜𝑠𝑠(ℎ) 
+𝑐𝑐𝑜𝑜𝑠𝑠(𝛿𝛿)𝑠𝑠𝑖𝑖𝑏𝑏(𝑠𝑠)𝑠𝑠𝑖𝑖𝑏𝑏(𝜑𝜑)𝑠𝑠𝑖𝑖𝑏𝑏(ℎ)       (8) 

where: 𝐿𝐿 is latitude, the angular location north or south of 
the equator, north positive; 

−90° ≤ 𝐿𝐿 ≤ 90°; 
𝑠𝑠, is slope of the surface; 𝜑𝜑 is the surface azimuth angle, 

with zero due south, east negative, west positive, −180° ≤
𝜑𝜑 ≤ 180°; ℎ  is the hour angle, ℎ = 15 ∗ (𝑜𝑜𝑖𝑖𝑚𝑚𝐴𝐴 − 12.0) , 
morning negative, zero at noon and afternoon positive; and 
𝛿𝛿 is solar declination angle, it can be found from: 

𝛿𝛿 = 23.45𝑠𝑠𝑖𝑖𝑏𝑏 �(284 + 𝑏𝑏) 360
365
�        (9) 

where: 𝑏𝑏  is the Julian day. Meanwhile, 𝜃𝜃𝑧𝑧  is the solar 
zenith angle, which equal to: 

𝑐𝑐𝑜𝑜𝑠𝑠(𝜃𝜃𝑧𝑧) = 𝑐𝑐𝑜𝑜𝑠𝑠(𝛿𝛿)𝑐𝑐𝑜𝑜𝑠𝑠(𝐿𝐿)𝑐𝑐𝑜𝑜𝑠𝑠(ℎ) + 𝑠𝑠𝑖𝑖𝑏𝑏(𝛿𝛿)𝑠𝑠𝑖𝑖𝑏𝑏(𝐿𝐿)  (10) 

Table 1.  ASHRAE values of clear sky model parameters A, B and C [23] 

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

A 1230 1214 1185 1135 1103 1088 1085 1107 1151 1192 1220 1233 

B 0.142 0.144 0.156 0.18 0.196 0.205 0.207 0.201 0.177 0.16 0.149 0.142 

C 0.058 0.06 0.071 0.097 0.121 0.134 0.136 0.122 0.092 0.073 0.063 0.057 
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3. Results and Discussions 
A comprehensive computer program in FORTRAN has 

been created in order to calculate the hourly solar radiation 
incident on a surface when the tilt angle is changed by 
interval of 0.1° from 0° ≤ 𝑠𝑠 ≤ 90°. The surface azimuth 
(𝜑𝜑) is either 0° for south facing or ±180° for north facing. 
In regard to the daily optimization, the basis is the daily total 
hourly radiation, for the monthly optimization the basis is the 
monthly total daily and for annual optimization the basis is 
the annual total monthly. 

It is well known that a unique surface tilt angle which 
exists for each time, and which corresponds to each latitude 
angle (𝐿𝐿) for a particular day (𝑏𝑏) through which the solar 
radiation is at peak value. Accordingly, this study enhances 
these two parameters as independent variables for the daily, 
monthly, seasonal and annual optimum angle prediction. 

The seasonal average tilt angle was calculated by finding 
the average value of the tilt angle for each season, but the 
implementation of this condition requires the collector tilt to 
be changed four times a year. The process of adjusting the tilt 
angle to its monthly optimum values throughout the year 
does not seem to be practical, and at the same time rises the 
consideration of changing the tilt angle once seasonal. 

The obtained results from the FORTRAN program treated 
by MATLAB in order to get out polynomials those fitted the 
daily, monthly, seasonal and annual optimum angles.  

The general form of the polynomial that prescribed the 
optimum tilt angle is expressed in fifth order three dimension 
as: 
𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑃𝑃00 + 𝑃𝑃10𝐴𝐴 + 𝑃𝑃01𝑦𝑦 + 𝑃𝑃20𝐴𝐴2 + 𝑃𝑃11𝐴𝐴𝑦𝑦 + 𝑃𝑃02𝑦𝑦2 

+𝑃𝑃30𝐴𝐴3 + 𝑃𝑃21𝐴𝐴2𝑦𝑦 + 𝑃𝑃12𝐴𝐴𝑦𝑦2 + 𝑃𝑃03𝑦𝑦3 + 𝑃𝑃40𝐴𝐴4 + 𝑃𝑃31𝐴𝐴3𝑦𝑦 
+𝑃𝑃22𝐴𝐴2𝑦𝑦2 + 𝑃𝑃13𝐴𝐴𝑦𝑦3 + 𝑃𝑃04𝑦𝑦4 + 𝑃𝑃50𝐴𝐴5 + 𝑃𝑃41𝐴𝐴4𝑦𝑦 

+𝑃𝑃32𝐴𝐴3𝑦𝑦2 + 𝑃𝑃23𝐴𝐴2𝑦𝑦3 + 𝑃𝑃14𝐴𝐴𝑦𝑦4 + 𝑃𝑃05𝑦𝑦5          (11) 
The coefficients 𝑃𝑃00, . . . , and 𝑃𝑃05 and the variables 𝐴𝐴 

and 𝑦𝑦 are defined below in table 2. 
The obtained results were plotted and tabulated for 

comparison with other measurements and data 
recommended by NASA.  

Figure 1 presents the Daily optimum angles for various 
latitudes 0° to 40° N for a complete calendar year. The 
abscissa presents the Julian day (𝑏𝑏). The markets present the 
calculated results and the dash lines present the daily 
polynomial. Obviously, depending on figure 1, it can be 
stated that the polynomial is well fitted to the calculated data. 
The positive value depicted means that the surface was 
inclined towards the equator, where as the negative value 
means that the surface was inclined towards the North Pole. 
The slopes were within the range of −38° < 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 < 90° 
for any location on the northern hemisphere. 

With the adoption of the long-term solar radiation data, the 
optimum tilt angle of a surface by using the monthly total 
daily solar irradiation on diversely latitudes was simulated 
for 12 months. Figures 2 presents the optimum angles for 
monthly tracking from January to December. From figure 2, 
the step-like lines present the calculated results, and the dash 
curves illustrate the polynomial equation that fitted the 
calculated data. Results were tabulated in table 4, for many 
cities from other references beside NASA data available on 
the internet to ease the comparison. Table 3 shows a 
considerably agreement in results obtained by the offered 
polynomial with the local measurements specially for mid 
and high latitudes (𝐿𝐿 > 20°) even in some times better than 
NASA's data. Unfortunately, for low latitudes (𝐿𝐿 < 20°) the 
model needs to more arrangements. 

 

Figure 1.  Daily optimum angle as a function of the Julian day 𝑏𝑏 and the latitude angle 𝐿𝐿. The marks refer to the calculated results and the dash lines refer 
to the polynomial 𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑓𝑓(𝑏𝑏, 𝐿𝐿) 
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Table 3.  Values of monthly optimum angles from many sources 

Country 
City 

 
 

Lat. 

 
 

Long. 

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

16 45 74 105 135 166 196 227 258 288 319 350 
n 

Ref. 

Malaysia 
Bangi 

2.92 101.78 

22 16 5 -8 -18 -22 -21 -11 0 11 19 24 [24] 

28 19 6 -7 -16 -20 -18 -11 0 14 25 30 NASA 

31 21 3 -15 -30 -37 -34 -23 -5 14 29 32 * 

Malaysia 
Alor Setar 

6.12 100.37 

32 22 8 0 0 0 0 0 2 15 26 31 [2] 

32 23 9 -5 -14 -17 -15 -8 3 16 27 34 NASA 

35 24 7 -12 -26 -33 -30 -19 -2 17 33 35 * 

Ghana 
WA 

10.06 -2.51 

45 35 15 0 0 0 0 0 10 30 40 45 [6] 

38 27 13 0 -12 -15 -13 -6 6 22 35 40 NASA 

39 29 12 -7 -21 -28 -26 -14 3 23 38 40 * 

Taiwan 
Taichung 

24.15 120.67 

50 41 26 10 -3 -8 -6 5 20 36 48 52 [1] 

47 n/a n/a 9 0 0 0 6 20 35 44 n/a NASA 

51 43 27 9 -4 -11 -9 2 19 37 51 52 * 

India 
New Delhi 

28.61 77.21 

56 45 32 14 0 0 0 6 25 40 53 58 [7] 

55 47 33 16 1 0 0 8 24 42 52 57 NASA 

56 47 32 14 0 -6 -3 7 24 42 55 56 * 

Jordan 
Amman 

31.96 35.95 

60 60 30 30 10 10 10 10 30 30 60 60 [35] 

55 47 35 18 4 0 1 11 29 43 53 58 NASA 

59 51 35 18 5 -2 0 10 28 45 58 59 * 

Libya 
Tripoli 

32.89 13.19 

57 49 35 19 4 0 1 12 29 44 55 59 [37] 

56 49 35 19 5 0 2 13 29 44 53 59 NASA 

59 51 36 19 5 -1 1 12 29 46 57 58 * 

Morocco 
Fez 

34.02 -5.01 

62 53 40 19 7 -1 1 16 30 47 59 59 [5] 

59 50 38 20 6 0 3 14 31 47 57 62 NASA 

60 53 38 20 7 0 2 14 30 47 60 60 * 

China 
Beijing 

39.90 116.41 

65 55 41 22 5 0 1 16 34 51 62 67 [32] 

66 57 43 25 11 6 8 18 35 52 63 68 NASA 

65 58 43 26 13 7 9 19 35 53 65 65 * 

Macedonia 
Ohrid, 

41.12 20.80 

60 50 40 20 20 20 20 20 20 40 60 60 [29] 

66 65 43 25 12 3 9 20 37 54 62 67 NASA 

65 59 44 27 15 9 11 21 36 54 66 66 * 

Slovenia 
Krederica 

46.38 13.85 

n/a n/a 51 n/a n/a 16 n/a n/a 40 n/a n/a 75 [35] 

65 57 44 29 16 8 10 23 39 n/a n/a 66.0 NASA 

70 65 51 35 23 16 18 29 44 60 71 72 * 

* referes to the present study. 

For the southern hemisphere another arrangement must be 
taken to estimate the monthly optimum angles; one can use 
the same polynomial with the same latitude but the months 
will be reversed. That means December in the northern 
hemisphere will be June in the southern hemisphere. The 
months must be shifted every 6 months after the ordinary 
calendar. Table 4 described the Julian day (𝑏𝑏𝑠𝑠𝑜𝑜𝑠𝑠𝑜𝑜 ℎ𝐴𝐴𝑟𝑟𝑏𝑏 ) for 
both hemispheres for monthly tilt angle optimization, and the 
optimum tilt angle for southern hemisphere is negative sing 
of the optimum tilt angle for northern hemisphere for the 
same latitude. 

𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 ,𝑠𝑠𝑜𝑜𝑠𝑠𝑜𝑜 ℎ𝐴𝐴𝑟𝑟𝑏𝑏 = −𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 ,𝑏𝑏𝑜𝑜𝑠𝑠𝑟𝑟 (𝑏𝑏𝑠𝑠𝑜𝑜𝑠𝑠𝑜𝑜 ℎ𝐴𝐴𝑟𝑟𝑏𝑏 , 𝐿𝐿)    (12) 

Sometimes the cause of the difference in some values for 
some sites is a result of the large step of tilt angle 10°, or 
because the researchers had not included angles greater than 
60° or less than 10°. Anyhow, it can be obviously stated 
from table 3 the agreement in values obtained from the 
mathematical model proposed in this study compared with 
the those results presented in other previous studies.  

The study of seasonal optimum tilt angle for maximising 
energy collection by the absorber has been carried out. In 
literatures, there are two classifications for seasons: Heating 
and cooling group interesting with two seasons heating 
season and cooling season. Another classification may be 
adopted for solar energy group dependent on the position of 
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the sun in the sky, they classified seasons to four seasons in 
12 months. This study adopted the second classification. 
Each season consists of 91 days, therefore, winter (6th 

November to 4th February), spring (5th February to 5th May), 
summer (6th May to 5th August), and autumn (6th August to 
5th November). 

Table 4.  Description of Julian day for northern and southern hemispheres that used in polynomial (11) 

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

n for northern h. 16 45 74 105 135 166 196 227 258 288 319 350 

𝑏𝑏𝑠𝑠𝑜𝑜𝑠𝑠𝑜𝑜 ℎ𝐴𝐴𝑟𝑟𝑏𝑏  for southern h. 196 227 258 288 319 350 16 45 74 105 135 166 

 

 

Figure 2.  Monthly optimum angle as a function of the Julian day 𝑏𝑏 and the latitude angle 𝐿𝐿. The solid lines refer to the calculated results and the dash lines 
refer to the polynomial 𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑓𝑓(𝑏𝑏, 𝐿𝐿) 

 

Figure 3.  Seasonal optimum angle as a function of the Julian day 𝑏𝑏 and the latitude angle 𝐿𝐿. The solid lines refer to the calculated results and the dash 
lines refer to the polynomial 𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑓𝑓(𝑏𝑏, 𝐿𝐿) 
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These seasonal is valid for northern hemisphere. In the 
southern hemisphere the situation is reverse the summer 
season (6th November to 4th February), autumn (5th February 
to 5th May), winter (6th May to 5th August), and spring (6th 
August to 5th November). Figure 3 shows the optimum 
seasonal tilt angle based on the total daily solar radiation 
reaching on a tilt surface. The step-like lines present the 
calculated optimum tilt angle for seasonal optimization. The 
simulated results have agreed to the local available 
measurements with similar pattern to reflect the trend at the 
site. From the figure, one polynomial equation were 
proposed to depict the trend of seasonal optimum as 
functions of the latitude and the day. The equation shows a 
good fit to the output as it obvious from the figure 4, in 
where the dash curves present the polynomial. A 
comparative results are tabulated in table 5. Unfortunately, 
there are no enough results to include in the table; moreover, 
some researches classified the season into only two seasons 

cold and hot seasons for heating and cooling of buildings 
purposed.  

The annual optimum tilt angle has been computed based 
on the estimated annual total monthly solar radiation. The 
results illustrated graphically in figure 4 and tabulated in 
table 6 for comparative purpose. Results showed that the 
optimum values were almost positive for the northern 
hemisphere and ranged 2° ≤ 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 ≤ 80° facing to the south 
(equator). The value was similar and agreed with the 
optimum slope presented by other researchers and for those 
of NASA, specially for high latitudes (𝐿𝐿 > 20°) even in 
some times better than NASA's data. Additionally, the 
computed results were fairly consistent with the general rule 
that the yearly optimal tilt angle was about the latitude of the 
location facing to the equator, specially for middle latitudes. 
For the southern hemisphere the optimum tilt angle (𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 ,𝑠𝑠𝑜𝑜𝑠𝑠𝑜𝑜 ) 
will be negative sign of the northern hemisphere (−𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 ,𝑏𝑏𝑜𝑜𝑠𝑠𝑟𝑟 ) 
at the same latitude.  

 

Figure 4.  Annual optimum angle as a function of the latitude angle 𝐿𝐿. The marks refer to the calculated results and the dash lines refer to the polynomial 
𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑓𝑓(𝐿𝐿) 

Table 5.  Values of seasonal optimum angles from many sources 

Country City Lat. Season I Season II Season III Season IV Ref. 

Malaysia AlorSetar 6.11 
23 0 - - [2] 

24.4 -2.6 - - * 

India New Delhi 28 
56 30 0 34 [7] 

60.0 33.9 0.14 32.8 * 

Morocco Fez 33.93 
55 12 - - [5] 

52.4 7.9 - - * 

Macedonia. Ohrid 41.12 
50 20 - - [29] 

47.3 15.3 - - * 

* referes to the present study. 
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Table 6.  Values of annual optimum fixed angles from many sources and NASA 

Country City Latitude Longitude Reference 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜  offered by 
references 

𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜  offered by 
NASA [37] 

𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜  offered 
by this study 

Malaysia Bangi 2.92 101.78 [24] 1.4 16.1 5.4 
Nigeria Enugu 6.46 7.55 [28] 6.0 17.0 9.5 
Taiwan Taichung 24.15 120.67 [1] 21.5 n/a 27.9 
Egypt Luxor 25.69 32.64 [24] 28.1 25.4 29.1 
Egypt Sharm Sheikkh 27.91 34.33 [24] 30.1 27.5 30.8 
India New Delhi 28.61 77.21 [7] 30.0 27.8 30.8 

Jordan Aqaba 29.53 35.01 [29] 25.0 28.2 32.3 
Morocco Agadir 30.43 -9.60 [24] 32.2 29.3 32.6 

Iraq Nasiriyah 31.05 46.27 [36] 31.0 28.8 33.1 
Libya Syrte 31.19 16.57 [24] 31.3 29.6 33.2 
Egypt Alexandria 31.20 29.92 [24] 31.3 29.7 33.2 

Palestine Gaza 31.50 34.47 [24] 32.2 29.5 33.3 
Jordon Amman 31.96 35.95 [29] 32.0 29.4 33.7 

Morocco Smara 32.15 -8.25 [24] 28.3 30.3 29.9 
Libya Tripoli 32.89 13.19 [24] 34.1 30.2 34.3 
Iraq Baghdad 33.31 44.36 [36] 33.0 31.2 34.6 
Syria Damascus 33.51 36.28 [24] 33.1 30.7 34.7 

Algeria Mecheria 33.54 -0.28 [24] 35.3 31.4 34.7 
Lebanon Beirut 33.89 35.50 [24] 31.9 31.7 34.9 
Morocco Fez 34.02 -5.01 [5] 34.0 32.1 34.9 
Morocco Larache 35.17 -6.15 [24] 34.9 33.3 35.7 
Cyprus Nicosia 35.19 33.38 [27] 35.0 32.5 35.7 
Cyprus Nicosia 35.19 33.38 [24] 34.1 32.5 35.7 
Greece Heraklion 35.34 25.14 [24] 32.5 32.7 35.8 

Iraq Kirkuk 35.47 44.38 [36] 35.0 32.9 35.9 
Syria Latakia 35.54 35.80 [24] 35.1 33.3 35.9 
Malta Valetta 35.90 14.51 [24] 35.6 33.5 36.1 

Tunisia Tunis 36.80 10.18 [24] 37.2 33.4 35.8 
Tunisia Bizerte 37.27 9.86 [24] 37.0 34.4 36.9 
Spain Seville 37.39 -5.98 [24] 36.5 35.3 37.0 

Turkey Isparta 37.76 30.55 [24] 36.9 34.9 37.2 
Italy Marsala 37.80 12.44 [24] 37.4 35.4 37.2 

Greece Athens 37.98 23.73 [24] 35.7 35.0 37.3 
China Beijing 39.90 116.41 [32] 36.0 37.5 37.6 
Turkey Bursa 40.19 29.06 [24] 36.0 n/a 38.4 
Spain Madrid 40.42 -3.70 [24] 39.2 37.9 38.5 

Albania Vlorë 40.47 19.49 [24] 38.1 n/a 38.6 
Greece Thessaloniki 40.64 22.94 [24] 37.7 n/a 38.7 
Chine Shenyang 41.81 123.3 [26] 40.0 39.0 39.2 
Italy Naples 40.85 14.27 [24] 38.5 38.0 38.7 

Montenegro Podgorica 42.43 19.26 [24] 39.5 n/a 39.5 
Bosnia Sarajevo 43.86 18.43 [24] 41.8 n/a 40.0 
Monaco Monaco 43.74 7.42 [24] 43.9 40.5 40.0 

Italy Florence 43.77 11.26 [24] 40.5 39.9 40.1 
Italy Milan 45.47 9.19 [24] 43.0 n/a 40.7 

France Lyon 45.76 4.84 [24] 43.7 n/a 40.8 
Croatia Zagreb 45.82 15.98 [24] 39.1 n/a 40.9 

Slovenia Ljubljana 46.06 14.51 [24] 42.1 n/a 40.9 
Slovenia Kredarica 46.38 13.85 [33] 42.0 n/a 40.8 
Ireland Galway 53.27 -9.06 [34] 44.0 n/a 43.0 

* referes to the present study. 
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4. Conclusions 
We have successfully applied the ASHRAE clear sky 

model to create comprehensive three dimension polynomials 
for daily, monthly, seasonal and annual optimum tilt angle 
for diversely latitudes. According to the comparison between 
the obtained results with local measured authoritative data 
and NASA published data, it can safely recommended to use 
of these polynomials especially in mid and high latitudes in 
the two hemispheres. 
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