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ABSTRACT 

In this paper, a study was carried out for the effect of local 

atmospheric condition and tilt angle on the energy yields of 

solar collectors at selected latitudes. A computer program was 

developed for that purpose to find the daily average, monthly, 

seasonal and annual energy profiles based on Klein model and 

Erbs correlation. Using generic system of solar collector at 

due south, hybrid energy yields: electric, heating and cooling 

were obtained. As a case study, the results were presented for 

latitudes 30o - 37o N. Optimum tilt angles were found to be 

within 0o to 66o which nonlinearly depends on the relevant 

time period of the year and atmospheric condition. Two 

important findings were concluded. First, optimum angles 

would be larger for better atmospheric conditions with greater 

shifts during winter period while summer months are of less 

sensitivity. This shift was 10o - 14o for winter monthly energy, 

0o - 8o for summer monthly energy, 11o - 13o for total annual 

and heating energy and 1o - 3o for total cooling energy. 

Second, deviations in the angles of commonly used empirical 

formulas were noticed to be larger in summer period and 

higher latitudes. These deviations were in the range of -10o to 

+20o as compared to the corresponding values of present 

study. Finally, average energy values were 6055, 1700 and 

2370 MJ/m2 for annual, heating and cooling yields 

respectively.   
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solar collector, energy profile, electric heating cooling yields, 

atmospheric condition, optimum tilt angle. 

1. INTRODUCTION 
Currently, the global status of energy supply and use is in 

danger due to challenges of energy security, climate change 

and sustainable development. This imposes a pressing need to 

accelerate the deployment of advanced energy technologies to 

address above issues. However, this step requires research and 

development (R&D), governmental regulations and 

investment decisions [1-3].  

Among many types of renewable and sustainable energy 

technologies, solar collectors are most promising energy 

conversion systems for solving the global challenges of 

energy. Solar collectors have two distinct features. First, solar 

energy is abundant enough, in many regions of the world, to 

drive solar collectors. Second, solar collectors can have 

electric and/or thermal energy yields [1-3]. There are a large 

family of solar collectors of different types, design, structure 

and characteristics with a broad range of applications mainly 

in buildings and industry sectors [4-7]. They are used for 

supplying electricity as on-grid or off-grid power systems. 

Also, solar collectors are utilized as on-site systems for hot 

water, industrial process heat and air conditioning. Thus, solar 

collectors can be used to provide electric, heating and cooling 

(EHC) energy yields for different applications [8-14]. Such 

applications will reduce the need for fossil fuels which 

accordingly can have good impact on energy systems [1-3].  

By the year of 2015, the world electric and thermal capacities 

from solar collectors can be extrapolated as 220 GW and 400 

GWth respectively [15]. For on-grid electric generation, more 

than 50 large solar power plants (> 100 MW capacity) are 

spread around the world mainly in China, USA, Spain, 

Germany, India, UAE and other countries [16]. For solar 

thermal installations, water and air heating systems were 

installed in China (118 GWth), Europe (36 GWth) and the 

United States and Canada (16 GWth) as by the end of 2010. 

As solar cooling, in Singapore, at the United World College, a 

cooling system of 1.47 MW capacity and collector field of 

3900 m2 was completed for operation in 2011 [3]. New 

installations for solar power and thermal applications are 

expected to continue to increase for electric, heating and 

cooling uses [1-3].   

Orientation of solar collectors, by tilt and azimuth angles, is 

an important parameter for maximizing their energy yields. 

Numerous research papers and studies were published for 

calculating, experimentally and theoretically, the optimum 

angles and the corresponding gains of different solar energy 

systems for various countries such as in Middle East, China, 

Europe and the USA [17-26]. For solar collectors at due 

south, optimum tilt angles for monthly, winter, summer and 

annual setting are often calculated using simple empirical 

formulae which depend primarily on latitude of the location 

and the relevant time period [4, 5 and 27]. However, these 

correlations are specified with no dependence on local 

atmospheric condition. Among many published papers, two 

particular studies, Christensen and Barker [25] and Lubitz 

[26], found that for many sites across the United States (25o - 

50oN) of different climate conditions, lower annual tilt angle 

values were associated with higher latitudes and lower 

average sky clearness index. 

The aim of the present work is to investigate the effect of 

local atmospheric condition and tilt angle on the profiles of 

energy of a generic system of solar collector at due south. 

Daily average, monthly, seasonal and annual yields for 

electric, heating and cooling (EHC) uses will be considered at 

different atmospheric conditions and tilt angles. For that 

purpose, a computer program is to be developed based on 

Klein model and Erbs correlation. Then, a case study will be 

applied for latitudes 30o - 37o N which includes the whole 

region of Iraq.   

2. ENERGY CALCULATIONS OF 

SOLAR COLLECTORS 
A solar collector can be of either photovoltaic (PV) or dark 

metal absorber. A PV collector produces electric energy 

directly, while the latter is a thermal collector that delivers 

direct heat. The PV collector can also yield heat energy. The 
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heat energy of the thermal collector can be transformed to 

electric energy by an additional conversion system of heat 

engine and electric generator.    

On the other hand, adding some thermal cooling system, 

sorption or desiccant, the heat of either collector can be 

converted to cooling energy [4, 5]. Fig.1 explains the different 

energy yields: electric, heating and cooling (EHC) of a 

generic system of solar collector. The three gray blocks are 

additional energy conversion systems. Numbers shown in the 

figure are the corresponding nominal efficiencies and 

coefficient of performance (COP) [1-3]. Actual values depend 

on the specific system design and its operating conditions.  

The amount of energy yield Y from a generic system of solar 

collector per unit area for a given period of time is related to 

the solar energy S received by the collector per unit area for 

that period multiplied by the overall efficiency ηov of the 

energy conversion which is the combined efficiency of the 

solar collector and the additional conversion system if any. 

Thus:       

Y = ηov  S                                                                                         (1)                                                                                               

Energy yield is usually calculated on hourly and daily basis. 

However, for design consideration, daily average values are 

mostly needed. Then, according to eqn (1), the average solar 

energy for the collector is to be firstly found. Klein model is 

widely used for that purpose [4, 5]. Based on that model, the 

average energy S for a collector of tilt angle T is related to the 

collector energy of zero-tilt angle So and its components S1 

and S2, the geometric factor R and the reflectance f of the 

surroundings as: 

S = R S1 +   
1 + cos T

2
  S2 +   

1 − cos T

2
  𝑓 So                   (2) 

The factor R for a collector at due south in the northern 

hemisphere is given by:   

R =
 cos ϕ′ cos δ sin  ωs

′ +  ωs
′  sin ϕ′  sin δ  

cos ϕ cos δ sin ωs + ωs  sin ϕ  sin δ  
                      (3) 

The apparent site latitude ϕ', solar declination angle δ, sunset 

hour angle ωs and apparent sunset hour angle ωs' are found by:  

ϕ′ = ϕ − T                                                                                     (4) 

δ =  23.45° sin  
360

365
 284 + n                                                5  

ωs =  cos−1(−tan ϕ tan δ)                                                       (6) 

ωs
′ = min  

cos−1(ωs)                  

  cos−1(−tan ϕ′ tan δ) 
                                           (7) 

Where ϕ is the site latitude and n is the number of day in year.  

Finally, the remaining parameters to be calculated are So, S1 

and S2 which are depend on the local atmospheric condition. 

In fact, So is a fraction of the extraterrestrial energy Sx due to 

atmospheric scattering and absorption. A sky clearness index 

KT is introduced as a measure of transmittance of the 

atmosphere:   0 < KT < 1; then:   

KT = So/S𝑥                                                                                      (8) 

The extraterrestrial energy is found by: 

S𝑥 =
118.109

π
 1 + 0.033 cos 

360

365
 n . (cos ϕ cos δ sin ωs   

+ ωs  sin ϕ  sin δ)                                    (9) 

As S1 and S2 are the two components, beam and diffuse, of So; 

then: 

So = S1 + S2                                                                                (10) 

To find these components, Erbs correlation [4,5], which 

relates the fraction of energy component to clearness index, is 

used with 0.3 ≤ KT ≤ 0.8 as follows:  

For ωs ≤ 81.4o:  

S2/So = 1.391 − 3.560KT + 4.189KT
2 −  2.137KT

3         (11a) 

For ωs > 81.4o:  

S2/So = 1.311 − 3.022KT + 3.427KT
2 −  1.821KT

3         (11b) 

It can be noticed from above equations that the daily average 

yields of a generic system of solar collector at due south is a 

function of five parameters: site location, time of the year, 

local atmospheric condition, tilt angle of the solar collector, 

and overall efficiency of the energy conversion system. Using 

daily average values, the monthly, seasonal (winter and 

summer) and annual yields can be found by multiplying daily 

values with the corresponding number of days. For a given 

energy system and location, the energy yields will be related 

to time period, atmospheric condition and tilt angle. This 

relation is to be investigated in the present work as will be 

explained.  

Apart from above detailed equations, empirical formulas that 

are independent of atmospheric condition are commonly used 

to find tilt angles for maximum energy yields. For monthly tilt 

angle, a set of 12 relations were given by [27]. However, more 

simple formulas are derived for monthly, annual and seasonal 

tilt angles respectively as follows [4, 5]:   

T =  ϕ − δ                                                                                   (12) 

T =  ϕ                                                                                            (13) 

T =  ϕ ± 15°                                                                                 14  

Where plus and minus signs correspond to winter and summer 

seasons respectively.       

3. METHODOLOGY 
Following the procedure of previous section, a computer 

program was developed to calculate the energy of a generic 

system of solar collector at due south. Normal reflectance of 

surroundings (with no snow) f = 0.2 was assumed. Three 

atmospheric conditions were considered: poor, fair and good 

of KT= 0.3, 0.5 and 0.7 respectively. For each of these 

conditions, the tilt angle of solar collector was changed from 

0o to 90o to find daily average energy profiles based on the 

mean day of each month. Then, monthly, seasonal (heating 

and cooling) and annual energy yields along with the 

corresponding optimum tilt angles were found to one degree 

accuracy. The total energy for a period of monthly average 

ambient temperature ≤ 15 oC is termed as "heating energy" for 

the winter season. While the total energy for a period of 

monthly average ambient temperature ≥ 30 oC is termed as 

"cooling energy" for the summer season. Monthly average 

ambient temperatures over many years were taken from [28]. 

Values of empirical formulas, eqn (12-14), were compared 

with the corresponding observed angles of the present study to 

calculate the resultant deviations.  

All results were shown for three site latitudes: 30o N, 33.23o N 

and 37o N which corresponds to southern, middle and 

northern areas of Iraq respectively. It should be noted that 

electric, heating and cooling (EHC) energy yields can be 
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obtained, using eqn (1), by multiplying calculated energy 

values with the specific overall efficiency of the associated 

conversion system, see Fig.1.   

4. RESULTS AND DISCUSSION 
For mid latitude 33.23oN (Baghdad), the results are shown in 

Figures 2, 3 and 4. The profiles of energy as daily average 

values per month with the tilt angle are shown in Fig.2 for the 

three atmospheric conditions. Numbers on profiles are month 

number. It can be noticed that profiles have maximum energy 

at tilt angles between 0o to 63o depending on the month and 

the atmospheric condition. Maximum energy values can be 

classified by month with descending order in five groups: 

June, July and May, August and April, September and March, 

October and February, and finally November, January and 

December. Maximum values are found to be 220 - 880 

MJ/m2. On the other hand, the tilt angle for maximum energy 

is being larger in the above order of months as solar 

declination is decreasing. With respect to atmospheric 

condition, optimum tilt angles are positively shifted by 0o - 7o 

for group 1 and group 2 as atmospheric condition is changed 

from poor to good. For the remaining groups, the 

corresponding shift is 10o - 13o. 

Annual energy profiles of the solar collector are shown in 

Fig.3 as function of tilt angle for the three atmospheric 

conditions. Maximum annual values were 3.473, 6.068 and 

8.814 GJ/m2 at 20o, 28o and 32o tilt angles for poor, fair and 

good atmospheric conditions respectively. Optimum tilt angle 

is shifted by 12o with better atmospheric conditions.  

The profiles of total heating and cooling energy of solar 

collector are drawn versus tilt angle in Fig.4 for the three 

atmospheric conditions. Maximum heating energy was found 

to be 0.686, 1.393 and 2.205 GJ/m2 at 45o, 55o and 58o tilt 

angles for poor, fair and good atmospheric conditions 

respectively. The tilt angle shift is 13o. The maximum cooling 

energy values were 1.394, 2.329 and 3.268 GJ/m2 at 5o, 7o and 

8o tilt angles for the three atmospheric conditions respectively. 

Here, the shift in tilt angle is small (3o).  

Maximum energy yields (monthly, annual, heating and 

cooling) along with the corresponding tilt angles for mid 

latitude are tabulated in Table 1 for the different atmospheric 

conditions. It can be noticed that the deviations in tilt angle of 

empirical formulas are in the range -10o to +13o.           

For southern and northern areas, the results are shown in 

Table 2 and Table 3 respectively. The corresponding 

optimum tilt angles are 0o to 66o. It can be noticed that for 

southern area, the shift in optimum tilt angle with atmospheric 

condition is 0o - 6o and 10o - 14o for summer and winter half of 

the year respectively. The deviations of empirical formulas 

are -10o to +13o. For northern area, the summer and winter 

shifts are in the range of 0o - 8o and 12o - 14o respectively. The 

deviations are -6o to +20o.  

Fig.5 and Fig.6 show the monthly variation of optimum tilt 

angle at poor and good atmospheric conditions for the two 

extreme latitudes (30oN and 37oN) respectively. It indicates 

monthly deviations of -7o to +12o for 30oN and -6o to +16o for 

37oN. It can be found that the shift is being greater with better 

atmospheric conditions. However, summer period is of less 

sensitivity. On the other hand, deviations are larger in summer 

period and higher latitude.  

Finally, the summary of whole results is shown in Table 4 

which gives the range of shifts and deviations in optimum tilt 

angles along with the average of maximum energy yields for 

latitudes 30o N - 37o N. 

5. CONCLUSION 
In this work, energy yields of generic system of solar collector 

were calculated theoretically for different atmospheric 

conditions and tilt angles at latitudes 30o N to 37o N, see 

Tables 1, 2 and 3. To the best knowledge of the author, no 

previous published paper was found for the effect of local 

atmospheric condition on monthly, seasonal and annual 

energy profiles of tilted solar collector at least for the location 

of Iraq. On the basis of this study, the following conclusions 

have been drawn: 

 Two important findings were concluded in this 

paper: first, optimum tilt angles are positively 

shifted with better atmospheric conditions. Greater 

shifts were found during winter period while 

summer months have negligible change. Second, the 

deviations in the tilt angle of the empirical formulas 

as compared to observed values of present paper are 

positive or negative. Negative values were found at 

better atmospheric conditions and lower latitudes 

during winter period. However, most deviations 

were positive with larger values at higher latitude in 

summer period. 

 The shift was in the range of 0o - 14o; with summer 

shift 0o - 8o and winter shift 10o - 14o. The deviation 

was -10o to +20o, see Table 4.         

 Optimum tilt angles were 0o - 66o which are 

function of local atmospheric condition and time 

period of the year.                 

 For maximum annual energy, the usual setting of tilt 

angle to be equal to site latitude is found to be only 

applied for good atmospheric condition. However, 

for other atmospheric conditions, the tilt angle is to 

be at 5o - 14o lower.         

 The tilt angle for maximum heating energy was of 

strong dependence on atmospheric conditions. The 

shift is maximum (=13o) with -10o to +8o deviation. 

 For maximum cooling energy, the corresponding tilt 

angle is close to zero (0o - 8o) of negligible shift 

with atmospheric condition. 

 The average of maximum energy yields: monthly, 

annual, heating and cooling were 535 MJ/m2, 6055 

MJ/m2, 1700 MJ/m2 and 2370 MJ/m2 respectively.  
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Fig 1: Block diagram of energy yields of a generic system of solar collector. 
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(c) 

Fig 2: Daily average energy per month with collector tilt angle for mid latitude with: (a) KT=0.3 (b) KT=0.5 (c) KT=0.7. 

 

Fig 3: Total annual energy with collector tilt angle for mid latitude with KT=0.3, KT=0.5 and KT=0.7. 
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Fig 4: Total heating and cooling with collector tilt angle for mid latitude with KT=0.3, KT=0.5 and KT=0.7. 

Table 1. Maximum energy yields (MJ/m
2
) and optimum tilt angles for mid latitude with KT=0.3, KT=0.5 and KT=0.7. 

(a) Monthly values 
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KT = 0.3 KT = 0.5 KT = 0.7 tilt angle of 

equation(12) 
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Table 2. Maximum energy yields (MJ/m
2
) and optimum tilt angles for southern latitude with KT=0.3, KT=0.5 and KT=0.7.  

(a) Monthly values 

month use 
KT = 0.3 KT = 0.5 KT = 0.7 tilt angle of 

equation(12) 
value tilt angle value tilt angle value tilt angle 

Jan EH 243.8 45 492.2 54 776.5 58 51 

Feb EH 243.2 34 456.3 43 698.5 48 43 

Mar E 306.2 22 537.9 29 786.5 33 32 

Apr E 333.5 9 561.1 13 792.1 15 21 

May EC 372.1 0 620.1 0 868.2 0 11 

Jun EC 370.1 0 616.9 0 863.7 0 7 

Jul EC 376.3 0 627.1 0 878.0 0 9 

Aug EC 353.4 5 590.5 7 828.7 8 17 

Sep EC 307.7 16 529.2 23 761.0 26 28 

Oct E 278.4 30 510.2 39 769.2 43 40 

Nov E 241.4 42 479.2 52 749.5 55 49 

Dec EH 235.4 47 483.9 56 770.2 60 53 

Sum 

EHC 3662 - 6505 - 9542 - - 

EH 722 - 1433 - 2245 - - 

EC 1780 - 2984 - 4200 - - 

 (b) Total annual, heating and cooling values 

Time use 
KT = 0.3 KT = 0.5 KT = 0.7 tilt angle of 

equations    

(13 and 14) value tilt angle value tilt angle value tilt angle 

Annual EHC 3556 18 6155 25 8882 29 30 

Winter EH 720 42 1427 52 2237 55 45 

Summer EC 1772 2 2955 3 4139 3 15 

Table 3. Maximum energy yields (MJ/m
2
) and optimum tilt angles for northern latitude with KT=0.3, KT=0.5 and KT=0.7.  

(a) Monthly values 

month use 
KT = 0.3 KT = 0.5 KT = 0.7 tilt angle of 

equation(12) 
value tilt angle value tilt angle Value tilt angle 

Jan EH 215.1 52 457.4 61 739.4 64 58 

Feb EH 222.9 41 440.8 51 688.0 55 50 

Mar EH 286.2 27 516.4 36 770.2 40 39 

Apr E 323.3 13 550.0 18 784.0 21 28 

May E 371.2 3 619.3 4 867.7 5 18 

Jun EC 375.0 0 624.9 0 874.9 0 14 

Jul EC 378.5 0 630.9 0 883.2 0 16 

Aug EC 346.9 9 583.4 13 823.5 15 24 

Sep E 291.8 21 512.0 29 748.2 33 35 

Oct E 254.3 36 483.8 46 747.1 50 47 

Nov EH 214.6 49 447.8 58 717.7 62 56 

Dec EH 205.8 54 446.7 63 728.4 66 60 

Sum 

EHC 3486 - 6313 - 9372 - - 

EH 1145 - 2309 - 3644 - - 

EC 1100 - 1839 - 2582 - - 
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(b) Total annual, heating and cooling values 

time use 
KT = 0.3 KT = 0.5 KT = 0.7 tilt angle of 

equations    

(13 and 14) value tilt angle value tilt angle value tilt angle 

Annual EHC 3366 23 5949 31 8714 35 37 

Winter EH 1133 44 2281 54 3600 57 52 

Summer EC 1099 2 1832 3 2566 4 22 

 

Fig 5: Monthly variation of optimum tilt angle for southern latitude with KT=0.3 and KT=0.7. 

 

  

Fig 6: Monthly variation of optimum tilt angle for northern latitude with KT=0.3 and KT=0.7. 
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 Table 4. Summary of results 

Time Period Shift Deviation 
Energy Yield, 

MJ/m2 

Monthly 

 

Summer: 0o - 8o 

 Winter:10o - 14o 

 

-7o to +16o 535 

Annual 11 - 12o 1o - 14o 
6055 

Heating 13o  -10o to +8o 
1700 

Cooling 1o - 3o 10o - 20o 
2370 
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