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ABSTRACT 

ESTIMATION OF DIFFUSE SOLAR IRRADIATION  

AND ITS EFFECTS ON PV POWER PLANT PRODUCTION AT METU NCC  

Kavas, Genco 

M.Sc., Sustainable Environment and Energy Systems 

Supervisor: Assist. Prof. Dr. Onur Taylan 

August 2019, 84 pages 

Excess amount of greenhouse gas (GHG) emission is the main reason of global 

warming. Renewable energy systems are one possible way to decrease GHG emission 

and solar energy is one of options; however, fluctuations on solar energy production 

is one of the main drawbacks. Accurate estimation of energy production from a solar 

power plant, such as PV-based plant is important to satisfy energy demand 

successfully. To be able to estimate energy production in advance, solar energy 

incident on PV modules should be known first. For this thesis, the most accurate model 

is sought to estimate solar energy on a tilted surface in Cyprus. To be able to estimate 

total solar energy on a tilted surface GHI, DNI and DHI values should be known; 

however, DHI measurement is available for some parts of the World for a limited 

period. There are some models to estimate DHI and as a first step the most accurate 

model is found to estimate DHI for Cyprus. Different models from the literature have 

been checked and models which give accurate results in the locations which are close 

Cyprus are determined and these models are checked for Cyprus. According to this 

comparison Bailekôs 23rd model is selected as the most accurate model to estimate for 
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Cyprus. For the second part of this thesis, different models to estimate total solar 

energy on a tilted surface are checked. Estimation results were compared with 

measurements collected with a σπЈ tilted pyranometer in METU NCC. Liu-Jordan, 

Perez, Muneer, Skartveit-Olseth- Hay and Davies- Reindl, HDKR and Badescu 

models were checked and according to comparison results simple, isotropic models 

like Liu-Jordan and Badescu gave more accurate results than most sophisticated model 

Perez. %RMSE between tilted measurement and isotropic models (Badescu and Liu-

Jordan) were 17%. Same steps were repeated with DHI estimated with Bailekôs 23rd 

model and some equations are suggested according to DHI measurements collected in 

METU NCC. %RMSE between measured tilted irradiation and tilted irradiation 

calculated with DHI estimated with Bailekôs 23rd model was 68%. Additionally, 

%RMSE for total tilted energy calculated with equation created for this study was 

72%. Energy production from a PV power plant with this tilted estimation was 

compared with actual production of METU NCC PV power plant. %RMSE between 

actual production and estimation with measured DHI was about 20% for all the 

models, but Badescu model gave the most accurate estimation with 18%. %RMSE 

calculated for the same models, but instead of measured DHI, DHI estimated with 

Bailekôs 23 model was used and results were within 24%, Badescu model gave the 

most accurate estimation with 22%. %RMSE calculated energy production from tilted 

measurement which has the same tilt angle with PV modules of METU NCC PV 

power plant. %RMSE was 20.3% and this showed that energy production estimation 

with measured or estimated DHI was very close to energy estimation amount with 

measured titled irradiation. These results showed that DHI can be estimated with 

Bailekôs 23 model accurately, simple isotropic models such as Badescu or Liu-Jordan 

can be used to estimate total irradiation on a tilted surface accurately. When these 
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estimations are used to estimate energy production of PV power plant, they would 

work with a high accuracy.  

Keywords: solar energy, DHI estimation, estimation of total solar energy on a tilted 

surface, energy production with PV systems.  
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¥Z 

YAYILI G¦NEķ IķINIMI TAHMĶNĶ VE  

FOTOVOLTAĶK ENERJĶ SANTRALĶ ¦RETĶMĶNE OLAN ETKĶLERĶ 

Kavas, Genco 

Y¿ksek Lisans, S¿rd¿r¿lebilir ¢evre ve Enerji Sistemleri 

Tez Yºneticisi: Dr. ¥ĵr. ¦yesi Onur Taylan 

Aĵustos 2019, 84 sayfa 

Sera gazē salēnēmē, k¿resel ēsēnmanēn baĸlēca sebeplerinden birisi ve bu salēnēmē 

azaltma yollarēndan birisi de g¿neĸ enerjisi gibi temiz enerji kaynaklarēnēn 

kullanēmēnēn arttērēlmasēdēr. G¿neĸ enerjisi ile ¿retim yapmanēn bazē olasē problemleri 

var ve bunlarēn baĸēnda enerji ¿retim miktarēnēn g¿n i­indeki dalgalanmalarē geliyor. 

Bunlar gºz ºn¿nde bulundurularak enerji ¿retimi daha ºnceden tahmin edilerek enerji 

t¿ketim ihtiyacēnēn karĸēlanēp karĸēlanamayacaĵēnēn bilinmesi ºnemlidir. T¿m bunlarē 

saĵlamanēn baĸēnda fotovoltaik (PV) mod¿llerinin ¿zerine d¿ĸen toplan enerji 

miktarēnēn bilinmesi geliyor. Eĵimli mod¿l ¿zerine ulaĸacak olan toplam g¿neĸ enerji 

miktarēnē hesaplamaya yardēmcē olan bir­ok modeller literat¿rde mevcut fakat 

bunlarēn hepsi her lokasyon i­in doĵru sonu­larē veremiyor. Bu tez kapsamēnda 

literat¿rdeki modeller incelenip Kēbrēs i­in uygun olabilecek modeller belirlendi ve bu 

modeller ODT¦ KKK g¿neĸ istasyonundan toplanan verilerle karĸēlaĸtērēldē. Ayrēca 

g¿neĸten gelen toplam ēĸēnēmēn 2 ĸeklinden biri olan yayēlē gelen ēĸēĵēn (DHI) doĵru 

tahmini bu tezin ama­larēndan birisidir. G¿neĸ ēĸēĵē doĵrudan ve yayēlē ile gelen olmak 

¿zere ikiye ayrēlēr ve yayēlē gelen g¿neĸ enerjisinin ºl­¿m¿, ºl­¿m iĸleminin zor ve 
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­ok pahalē cihazlar gerektirmesi nedeni ile D¿nyaônēn bir­ok yeri i­in mevcut deĵildir. 

DHI deĵerinin doĵru tahmini i­in de bir­ok model mevcuttur ve bu tezde ayrēca 

mevcut modelleri incelenip Kēbrēs i­in uygun olabilecek modeller belirlendikten sonra 

bu modeller toplanmēĸ olan DHI ºl­¿mleri ile karĸēlaĸtērēlmēĸtēr. Bu karĸēlaĸtērma 

sonu­larēna gºre Kēbrēs i­in en uygun DHI tahmin modeli, Bailekôin 23. Modeli olarak 

belirlenmiĸtir. Eĵimli y¿zey ¿zerindeki toplam g¿neĸ enerjisi miktarēnē tahmin etmek 

i­in Liu-Jordan, Perez, Munner, Skartveit-Olseth, Hay and Davies, Reindl, HDKR ve 

Badescu modelleri kullanēldē. Bu modellerin vermiĸ olduĵu deĵer ODT¦ KKKôden 

toplanan σπЈôlik eĵime sahip piranometre yardēmē ile toplanan verilerle karĸēlaĸtērēldē. 

Eĵimli y¿zey ¿zerindeki toplam g¿neĸ enerjisi 3 farklē ĸekilde hesaplandē; (i) ºl­¿lm¿ĸ 

DHI ile, (ii) Bailekôin 23. modeli ile hesaplanan DHI ile ve (iii) ODT¦ KKKôde 

toplanan DHI ºl­¿mleri yardēmēyla ­ēkarēlan 2 denklemi kullanarak. Sērasēyla bu 

yºntemlerin vermiĸ olduĵu %RMSE deĵerleri %18, 70% ve %74 civarlarēndadēr. Bu 

deĵerler 8 farklē model i­in dºrder kez hesaplandē ve bu sonu­lara gºre Liu-Jordan ve 

Badescu modelleri izotopik ve basit modeller olmalarēna raĵmen, anizotrop olan 

geliĸmiĸ modellerden ger­eĵe daha yakēn tahmin sonu­larē verdiler. Bu sonu­lara 

gºre, Kēbrēs ĸartlarē i­in, izotropic modeller kullanarak eĵimli y¿zey ¿zerine d¿ĸen 

toplam g¿neĸ enerjisi tahmini yapmak en iyisi olacaktēr. Ayrēca t¿m bu modeller ve 

sonu­lar kullanēlarak enerji ¿retim tahmini ¿zerinde karĸēlaĸtērmalar yapēldē. Tahmini 

¿retim deĵerleri ODT¦ KKK da bulunan 1 MW kurulu g¿c¿ndeki g¿neĸ enerji 

santralinin ger­ek ¿retimiyle kēyaslandē ve her bir yºntemde ­ēkan %RMSE deĵerinin 

enerji ¿retimindeki %RMSE deĵerlerinden d¿ĸ¿k ­ēktēĵē gºr¿ld¿. T¿m bunlar 

yorumlandēĵēnda sonu­ olarak Bailekôin 23. modellinin DHI tahmini i­in en iyi model 

olduĵu, Badescu modelinin eĵimli y¿zeyde ki toplam g¿neĸ enerjisi tahmini i­in en 
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iyi model olduĵu sºylenebilir. Ayrēca, bu deĵerler kullanarak enerji ¿retimi kontrol 

edildiĵinde g¿neĸ enerjisi tahmininde ki farklarēn enerji ¿retiminde daha da azaldē 

gºr¿lmekte. Belirtilen 2 model kullanarak DHI ºl­¿m¿ olmayan lokasyonlar i­in 

sadece GHI ºl­¿m¿ kullanarak enerji ¿retim tahmini baĸarēlē bir ĸekilde yapēlabilir.  

Anahtar Kelimeler:  g¿neĸ enerjisi, DHI tahmini, eĵimli y¿zeyde toplam g¿neĸ 

enerjisi tahmini, PV sistemlerinde enerji ¿retimi. 
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CHAPTER 1 ï INTRODUCTION  

1.1. Problem Statement 

In todayôs world living without electrical energy is almost impossible and there are 

different energy production methods to satisfy this energy demand. Conventional 

energy production methods such as coal, oil or natural gas based thermal power plants 

are reliable systems however, these systems cause significant amount of greenhouse 

gas (GHG) emission which is the main cause of global warming and climate change 

[1]. To decline the effects of climate change, GHG emission should be decreased. 

Renewable energy-based power plants do not emit GHG during energy production 

because they use clean energy resources such as sun, wind, hydro, etc. [2] One of the 

drawbacks of renewable energy systems is that energy production is not at a constant 

rate, it fluctuates. Point of interest of this thesis is solar energy and for solar, energy 

production amount of a solar power plant varies with time-based on the variations in 

the solar resource. It is important to be able to properly estimate the energy production 

that will be produced in advance because energy produced should ideally match the 

energy consumption requirement. To estimate energy production of a photovoltaic 

(PV) module, solar radiation which is incident on a PV module should be known. PV 

modules are mostly placed with a tilt angle to increase solar income but estimating 

solar income on a tilted surface is not an easy task. To estimate total solar energy on 

tilted PV modules, expensive and sophisticated measurement tools are required but for 

most of the locations data for these tools are not available [3]. Because of these reasons 

there are different models to estimate solar energy on a tilted surface, but the 

estimation accuracy of these models is not high for some locations. Optimum solar 
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estimation model should be determined for Cyprus because island is not 

interconnected to mainland and sudden changes at ratio between energy consumption 

and production may cause fatal system failures. Also estimating solar energy potential 

of a PV power plant is important for economic aspects. 

1.2. Objective of the Study 

Estimation of solar energy on a tilted surface is an important task of solar energy-based 

projects. Energy income on a flat surface can be increased by tilting the surface with 

an angle. Tilt angle which maximize energy income of these surfaces can be 

calculated. Calculation of tilt angle is completely another task because this angle 

should be adjusted according to energy load. However, almost all of the PV modules 

or solar thermal panels are installed with a tilt angle. For horizontal and tilted surfaces 

solar energy income has 3 components; direct solar energy, diffuse solar energy and 

albedo solar energy. Figure 1 shows direct (beam), diffuse and reflected (albedo) solar 

energy. Albedo solar energy is energy reflected from ground and reaches to flat 

surface. Albedo can be assumed zero for horizontal surfaces because if a surface is 

horizontal to ground, energy reflected from ground would not reach to these flat 

surfaces.  

 

Figure 1. Solar energy components [4] 
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Calculating solar energy income is important especially for large size solar power 

plants. Correct estimation of energy production will be helpful to know the financial 

situation of the project. For investors, correct energy income estimation means good 

or bad investment and by the help of better estimation, if they see solar power plant 

will produce more energy than previous estimations, investments in this field will 

increase. As the investments in this field increase, carbon emission rate will decrease 

because more investment to solar energy means less investment to conventional power 

plants which causes lots of GHG emissions. Another importance of correct estimation 

is that if the correct energy production of solar power plate is known beforehand, 

backup systems will be prepared according to that. Just like other renewable energy 

systems solar based power plants do not give power output all the time. Weather 

conditions and the position of the sun directly affect how much energy reaches flat 

surfaces and energy output of these power plants changes. Because of these reasons, 

the correct estimation of power output will be helpful for financial analysis and 

preparing backup systems according to total energy requirement.  

The objective of this thesis is that investigating available studies in the solar energy 

field and see which models are used to determined total solar radiation on a tilted flat 

plate. After that models which is more suitable for METU NCC and Cyprus weather 

conditions will be determined. Total solar radiation on a tilted surface will be 

calculated with most suitable models and these results will be compared with tilted 

measurements which were collected from METU NCC solar power plant. As a result 

of these comparisons most accurate model to estimate total solar radiation on a tilted 

surface for Cyprus and locations near to Cyprus. Lastly, the amount of theoretical 

energy production from 1 MW solar power plant of METU NCC will be calculated 

and compared with the real production amount of same power plant. Purpose of this 
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comparison is to see when the estimation accuracy for solar radiation on a tilted surface 

increase, the estimation accuracy of energy production from a PV power plant is 

increasing or decreasing.  

There are lots of different models to calculate solar energy income on a tilted flat plate. 

Calculation of direct solar energy on a tilted surface is straight forward and same for 

these models; however, diffuse solar energy calculation is different for each model and 

it causes the highest computational error during power output estimation. Calculation 

of ground reflected solar energy which is called albedo may cause computational 

errors; however, the magnitude of albedo is much less than other two solar energy 

components and errors in the computation of albedo may be neglected [5][6]. 

Aim of this thesis is calculating solar energy on a tilted surface with different models 

and predict how much energy will be produced from METU NCC solar power plant. 

The power plant is placed in METU NCC and it has 1 Megawatt (MW) power. This 

power plant was established in March 2016 and hourly energy production from this 

power plant has been known since that time. This data set will be compared with 

energy production predictions which were calculated according to total solar energy 

on a tilted surface. As explained before, solar energy on a tilted surface will be 

calculated with different models and results will be used in energy production 

calculations. Models which will be used to compare with measurements are Liuôs 

isotropic sky, HDKR (Combination of Hay and Davies, Klucher and Reindl models) 

Perez, Muneer, Skartveit Olseth, Hay and Davies, Reindl and Badescuôs isotropic 

models.  
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CHAPTER 2 ï LITERATURE  REVIEW  

In this part of the thesis, available studies in literature about estimation of diffuse solar 

radiation from GHI or Ὃ and some models which estimates total solar irradiation on 

a horizontal plate with different considerations will be shown. In section 2.1 some of 

the available studies about estimation of diffuse solar radiation which is incident on a 

horizontal plate are shown and in section 2.2 different studies from different locations 

about total solar radiation estimation on a tilted plate are shown. 

2.1. Studies in Literature  about Accuracy of Estimating Diffuse Radiation with 

Clearness Index 

Estimation of solar energy on a tilted surface requires diffuse horizontal radiation 

(DHI) and direct normal irradiation (DNI) measurements for most of the models. For 

most of the locations these measurements are not available because establishment cost 

of devices for these measurements are very high [7]. Most common measurement is 

global horizontal irradiation (GHI) and it is available for so many different locations. 

GHI measurement requires only one pyranometer. There are different models to 

estimate DHI from GHI. These models typically use clearness index or sunshine 

duration.  

In one of these studies, Bailek et al. (2018) [8] compared different models to estimate 

DHI for Sahara Desert in Algerian Big South. They measured GHI and DHI for 6 

yearsô period from 2010 to 2015. They applied statistical test methods on their 

estimation to be able to see accuracies of these models. They divided these models into 

three groups. Models in group 1 are sunshine duration based, models in group 2 are 

based on clearness index and models in group 3 are based on sunshine duration and 
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clearness index. They compared 35 models from group 1, 2 and 3 for Adrar region. 

After that, they completed comparison and selected most accurate model for Adrar 

region, they compared this model with 8 different models available in the literature for 

different time periods of Ghardaia and Tamanrasset regions of Algeria. Table 1 shows 

geographical locations, data collection period, monthly mean daily sunshine hour (S) 

and some climatic information for Adrar, Ghardaia and Tamanrasset. Table 2 and 

Table 3 shows 35 models compared with Adrar measurements. Table 2 shows model 

equations and coefficients of these equations for sun-shine duration-based models and 

Table 3 shows for clearness factor-based models and sun-shine duration & clearness 

factor-based models. In table 2 and 3 Ὓ represents maximum possible sun-shine 

duration and ὑ represents clearness index. 

Table 1. Geographic locations and data collection period of Adrar, Ghardaia and 

Tamanrasset [8]. 

Station Adrar Ghardaia Tamanrasset 

Latitude Јὔ  27.88 32.36 22.78 

Longitude Јὔ  -0.27 3.81 5.51 

Elevation ά  269 450 1378 

Data series period 2010-2015 2005-2008 2010-2012 

Mean GHI ὓὐȾά Ὠὥώ 6.89 7.44 7.26 

Mean Ὓ Ὄέόὶ 9.27 8.68 9.20 

Mean Ὕ Јὅ 25.9 21.34 22.71 

Mean ὙὩὰὥὸὭὺὩ ὌόάὭὨὭὸώ Ϸ  23 38.82 28.6 

 

Table 2. Equations and coefficients of sun-shine based DHI estimation models [8]. 
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D1 is taken from [9], D2 is taken from [10], D3 is taken from [11], D4 is taken from 

[12], D7 is taken from [13] , D9 is taken from [14], and D10 is taken from [12], D13 

is taken from [15], D14 is taken from [16] , D15 is taken from [17], D19 is taken from 

[13], D20 is taken from [11], D21 is taken from [18], D25 is taken from [19], D26 is 

taken from [3], D27 is taken from [15], and D32 is taken from [3]. 

Table 3. Equations and coefficients of clearness index and sunshine duration based 

DHI estimation models [8]. 

 

Figure 2 shows the minimum and maximum certainty indicators at 95% and R values 

among all the considered estimations. According to these results group 1 models have 

the highest R value and the lowest U95 values. Group 2 models have the lowest R value 

and the highest U95 values among these three groups. As a conclusion of Figure 2, it 

can be said that group 1 has the most accurate models and group 3 has the least accurate 

models. Figure 3 shows statistical results for 35 different models. Bailek et al. [8] 

checked mean percentage error (MPE), root mean square error (RMSE), U95, R, t-stat 

(showed as TS in the table) and global performance indicator (GPI). Last column of 

Figure 3 shows rank of accuracy for 35 models and most accurate model was D2. 
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Bailek et al. [8] compared D2 with 8 other models with using Adrar, Ghardaia and 

Tamanrasset data. Figure 3 shows the 8 models from literature and statistical results 

for them. These models compared with D2 for 3 different locations in Sahara Desert 

in Algeria and D2 model is the most accurate among these 9 models. To conclude, 

Bailek et al. [8] compared DHI estimation models for 3 different locations in Sahara 

Desert in Algeria for different time periods and they found that most accurate model 

to estimate DHI from GHI was in group 1 which use only sunshine duration. Models 

use clearness index showed worse accuracy than models use sun-shine duration for 

Sahara Desert climatic conditions [8].  

There are explanations for some statistical comparison methods which is used in this 

study and in other studies. Mean Absolute Percentage Error (MAPE), Mean Bias Error 

(MBE), Root Mean Square Error (RMSE) and t-statistic. MAPE indicates accuracy of 

results as percentage. MBE provides information on the long-term performance of 

models. Normally low value of MBE is desired. Positive value of MBE gives average 

of over-estimation and negative MBE values give average under-estimations. A 

drawback of this test is that some under and over estimations will cancel each other. 

Other test methods are required to get actual accuracy of models. RMSE gives 

information on short-term performance of models. This term is always positive; zero 

value is desired. Lower RMSE means that better performance for solar model. 
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Figure 2. Comparison of the statistical performance of group 1, 2 and 3. (a) U95, 95% 

uncertainty indicator; (b) R correlation coefficient [8]. 

 

Figure 3. Comparison results for 8 new models from literature and models. (a) 

equation of models; (b) statistical results and accuracy rank [8]. 

In another study, Ulgen and Hepbasli (2009) investigated DHI estimation models for 

Turkeyôs big cities [18]. They used clearness index and sunshine duration to estimate 

DHI separately. They used monthly averages of daily diffuse and global solar radiation 

for 16 years, starting from 1990 to 2006. They divided their investigation to four 

groups. Group 1 and 3 are function of clearness index. Group 2 and 4 are functions of 

sunshine duration. For group 1, ratio between DHI and GHI is a function of clearness 
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index. For group 2, ratio between DHI and GHI is a function of sunshine duration.  For 

group 3, ratio between DHI and extraterrestrial radiation Ὅ  is a function of clearness 

index Ὧ  [11] and for group 4, ratio between DHI and extraterrestrial radiation Ὅ  

is a function of sun-shine duration Ὓ. Ὓ represents maximum possible daily sunshine 

hour.  

Group 1 [20]; ὑ
ὈὌὍ

ὋὌὍ
ὪὯ

ὋὌὍ

Ὅ
  

Group 2 [21]; ὑ
ὈὌὍ

ὋὌὍ
Ὢ
Ὓ

Ὓ
  

Group 3 [11]; ὑ
ὈὌὍ

Ὅ
ὪὯ

ὋὌὍ

Ὅ
  

Group 4 [21]; ὑ
ὈὌὍ

Ὅ
Ὢ
Ὓ

Ὓ
  

 

There are 17 different models under group 1, 6 different models under group 2, 3 

different models under group 3 and 6 different models under group 4 category. For 

example, Equations (1), (2), (3), and (4) show one example for group 1, 2, 3 and 4, 

respectively [18].  

 ὑ ρȢρςττρȢυυψςὯ πȢσφσυὯ (1) [11] 

 ὑ πȢφφσπȢτψψσϽ
Ὓ

Ὓ
 (2) [11] 

 ὑ πȢσσρπȢςσσὯ (3) [11] 

 ὑ πȢςςπυπȢπρςφϽ
Ὓ

Ὓ
πȢρςωςϽ

Ὓ

Ὓ
 (4) [21] 
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Ulgen and Hepbasli compared these DHI estimation models for Ankara, Istanbul 

and Izmir in Turkey [18] . Geographical locations of these cities are shown in  

Table 4. They checked accuracy of DHI estimation models from the years of 1990-

2006. Extraterrestrial radiation Ὅ  and maximum possible sun-shine duration Ὓ  

were calculated from fundamental mathematical expressions and they are shown in 

equation (38) and (40) respectively. Since DHI measurements for these 3 cities were 

not available for that time period, Ulgen and Hepbasli used average of these 32 models 

to calibrate new correlation models. 8 new hybrid models were developed by taking 

linear and polynomial forms of each group. Equations (5)-(12) These equations are 

developed for whole Turkey region and for places have similar climatic conditions. 

The authors also checked all these 32 models for these 3 cities individually. Statistical 

test methods were applied to model results. Most accurate models for each city 

determined individually for all the groups. According to group 1 results, Equation (5) 

has the smallest t-stat value for Ankara and Izmir and Equation (6) has the smallest t-

stat value for Istanbul. According to group 2 results, Equation (7) has the smallest t-

stat value for Ankara, Istanbul and Izmir. According to group 3 results, Equation (9) 

has the smallest t-stat value for Ankara and Istanbul and Equation (10) gives the 

smallest t-stat value for Izmir. Lastly, for group 4, Equation (11) gives the smallest t-

stat value for Istanbul and Izmir and Equation (12) gives the smallest t-stat value for 

Ankara. The authors suggested to use models give smallest t-stat values for these cities. 

Equations (47)-(54) in Table 5 correspond to Equation (5)-(12) in this work [18]. 

 

Table 4. Geographical locations of Ankara, Istanbul and Izmir [18]. 

Station Longitude Latitude Altitude ά  

Ankara σςЈυσᴂ σωЈυχᴂ 894 

Istanbul ςωЈπυᴂ τπЈυψᴂ 39 

Izmir ςχЈρπᴂ σψЈςτᴂ 15 
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Group 1; ὑ πȢφχχςπȢτψτρὯȟ    Ὑ πȢωχπχ (5) 

Group 1; 

ὑ πȢωψρρȢωπςψὯ ρȢωσρωὯ πȢφψπωὯȟ     Ὑ

πȢωωχω 

(6) 

Group 2; ὑ πȢυτυφπȢςςτς
Ὓ

Ὓ
ȟ      Ὑ πȢωπσχ (7) 

Group 2; 
ὑ πȢφυωυπχψτρ

Ὓ

Ὓ
πȢχτφρ

Ὓ

Ὓ
πȢςυχω

Ὓ

Ὓ
ȟ

Ὑ πȢωχςς 

(8) 

Group 3; ὑ πȢρρυυπȢρωυψὯȟ      Ὑ πȢωωφυ (9) 

Group 3; 
ὑ πȢπςχσπȢχςχὯ ρȢπτρρὯ πȢφφυωὯȟ     Ὑ

πȢωωχτ 

(10) 

Group 4; ὑ πȢρφχχπȢπωςφ
Ὓ

Ὓ
ȟ      Ὑ πȢωφφς (11) 

Group 4; 

ὑ πȢρτσχπȢςρυρ
Ὓ

Ὓ
πȢρχτψ

Ὓ

Ὓ

πȢπφωχ
Ὓ

Ὓ
ȟ Ὑ πȢωψςπ 

(12) 
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Table 5. MBE, RMSE, MAPE, SSRE, RSE, R2 and s-stat values of equations for each 

city [18]. 
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Additionally, Bakirci (2015) [22] established new solar models to estimate DHI after 

he checked several different models in the literature. Bakirci [22] used measurements 

from different cities of Turkey and established new models for different cities of 

Turkey. He used monthly average daily values of GHI and sunshine duration between 

the years of 1975 and 2007.  He compared results of 15 different DHI estimation 

models and came up with 18 new DHI estimation models.  He grouped models into 

three groups. In group 1; monthly mean diffuse fraction is a function of monthly mean 

clearness index. In group 2; monthly mean diffuse fraction is a function of the monthly 

mean sunshine duration and in group 3; monthly mean diffuse fraction is a function of 

monthly mean clearness index and monthly mean sunshine duration. Table 7 shows 

the cities Bakirci considered, geographical location and data collection period. 

Table 6. Functions of three groups of Bakirci's study. 

Group 1; Group 2; Group 3; 

ὈὌὍ

ὋὌὍ
ὪὯ  

ὈὌὍ

ὋὌὍ
ὪὛ 

ὈὌὍ

ὋὌὍ
ὪὯȟὛ 

 

Table 7. Geographical locations and data measurement periods for 8 cities of Turkey 

[22]. 

Location Longitude 

ЈὉ 

Latitude 

Јὔ  

Elevation 

(m) 

Measured data 

    Period Total 

years 

Adana 35.18 36.59 20 1975-

2007 

33 

Ankara 32.53 39.57 894 1975-

2006 

32 

Diyarbakēr 40.12 37.55 660 1975-

2007 

33 

Erzurum 41.16 39.55 1869 1975-

2007 

33 

Istanbul 29.05 40.58 39 1975-

2006 

32 

Izmir 27.10 38.24 25 1975-

2006 

32 
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Samsun 36.20 41.17 44 1975-

2006 

32 

Trabzon 39.43 41.00 30 1975-

2005 

31 

 

Bakirci [22] derived 18 new models to estimate DHI. He used GHI, Ὅ, sunshine 

duration and maximum possible sunshine duration measurements supplied by Turkish 

State Meteorological Service for 8 typical meteorological stations in Turkey. Bakirci 

[22] applied MBE, MABE and RMSE statistical test methods and calculated R value 

for these models. According to his results, all of the 18 derived models show very good 

accuracy for average of Turkey. Also, some models that Bakirci used to derive new 

models showed good accuracy for Turkey. According to Bakirciôs result, most 

accurate model for average of the eight cities is found and this model is shown as 

Equation (13). This model uses both clearness index and sunshine duration. Bakirci 

had more 5 years of DHI data for Gebze city and he compared some models from the 

literature and some models that he derived with these data. He applied statistical test 

methods to models that he collected from literature and choose the most accurate 

models for Gebze and Turkey. Figure 4 shows comparison results between measured 

DHI values from Gebze and estimated DHI values from 5 different models. Figure 4 

contains Eq. 24, M1, M4, M15 and E-2 which correspond to Equations (13), (14), (15), 

(16) and (17) respectively, in this study. MABE and RMSE values for 18 new derived 

models are shown in Table 9 and Table 10. Also, Table 8 shows regression coefficients 

for these models. MABE and RMSE values for these models are higher than 

acceptable range except for eq. 24 which is shown as Equation (13) in this study. 

According to Bakirciôs work it can be concluded that to estimate DHI from GHI 

clearness index is not enough by itself. Models which are function of clearness index 

and sun-shine duration showed better accuracies [22].  
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ὑ πȢψρσππȢςπτρὯ πȢψρπψὯ πȢυςρχὯ

πȢπτωρ
Ὓ

Ὓ
πȢυφτφ

Ὓ

Ὓ

πȢσωφρ
Ὓ

Ὓ
ȟ   Ὑ ρ 

(13) 

 ὑ ρȢπ ρȢρσὯ (14) 

 ὑ πȢυψσπȢωωψυὯ υȢςτὯ υȢσςςὯ (15) 

 

ὑ πȢχτφσρȢςωςςὯ σȢχωφφὯ πȢχςψυ
Ὓ

Ὓ

ρȢπυως
Ὓ

Ὓ
 

(16) 

 ὑ ρȢππψχρȢπχχωὯ πȢρπυψὯ (17) 

 

Figure 4. Comparison of values of monthly average DHI measured and estimated for 

Gebze [22]. 
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Table 8. Regression coefficients for models 1-15 [22]. 

 

Table 9. Statistical indicators of derived models with Gebze DHI measurements [22]. 

 








































































































































