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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 Bailek’s 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 30° 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 Bailek’s 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 Bailek’s 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 

Bailek’s 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 

Bailek’s 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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ÖZ 

YAYILI GÜNEŞ IŞINIMI TAHMİNİ VE  

FOTOVOLTAİK ENERJİ SANTRALİ ÜRETİMİNE OLAN ETKİLERİ 

Kavas, Genco 

Yüksek Lisans, Sürdürülebilir Çevre ve Enerji Sistemleri 

Tez Yöneticisi: Dr. Öğr. Üyesi Onur Taylan 

Ağustos 2019, 84 sayfa 

Sera gazı salınımı, küresel ısınmanın başlıca sebeplerinden birisi ve bu salınımı 

azaltma yollarından birisi de güneş enerjisi gibi temiz enerji kaynaklarının 

kullanımının arttırılmasıdır. Güneş enerjisi ile üretim yapmanın bazı olası problemleri 

var ve bunların başında enerji üretim miktarının gün içindeki dalgalanmaları geliyor. 

Bunlar göz önünde bulundurularak enerji üretimi daha önceden tahmin edilerek enerji 

tüketim ihtiyacının karşılanıp karşılanamayacağının bilinmesi önemlidir. Tüm bunları 

sağlamanın başında fotovoltaik (PV) modüllerinin üzerine düşen toplan enerji 

miktarının bilinmesi geliyor. Eğimli modül üzerine ulaşacak olan toplam güneş enerji 

miktarını hesaplamaya yardımcı olan birçok modeller literatürde mevcut fakat 

bunların hepsi her lokasyon için doğru sonuçları veremiyor. Bu tez kapsamında 

literatürdeki modeller incelenip Kıbrıs için uygun olabilecek modeller belirlendi ve bu 

modeller ODTÜ KKK güneş istasyonundan toplanan verilerle karşılaştırıldı. Ayrıca 

güneşten gelen toplam ışınımın 2 şeklinden biri olan yayılı gelen ışığın (DHI) doğru 

tahmini bu tezin amaçlarından birisidir. Güneş ışığı doğrudan ve yayılı ile gelen olmak 

üzere ikiye ayrılır ve yayılı gelen güneş enerjisinin ölçümü, ölçüm işleminin zor ve 
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çok pahalı cihazlar gerektirmesi nedeni ile Dünya’nın birçok yeri için mevcut değildir. 

DHI değerinin doğru tahmini için de birçok model mevcuttur ve bu tezde ayrıca 

mevcut modelleri incelenip Kıbrıs için uygun olabilecek modeller belirlendikten sonra 

bu modeller toplanmış olan DHI ölçümleri ile karşılaştırılmıştır. Bu karşılaştırma 

sonuçlarına göre Kıbrıs için en uygun DHI tahmin modeli, Bailek’in 23. Modeli olarak 

belirlenmiştir. Eğimli yüzey üzerindeki toplam güneş enerjisi miktarını tahmin etmek 

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

Badescu modelleri kullanıldı. Bu modellerin vermiş olduğu değer ODTÜ KKK’den 

toplanan 30°’lik eğime sahip piranometre yardımı ile toplanan verilerle karşılaştırıldı. 

Eğimli yüzey üzerindeki toplam güneş enerjisi 3 farklı şekilde hesaplandı; (i) ölçülmüş 

DHI ile, (ii) Bailek’in 23. modeli ile hesaplanan DHI ile ve (iii) ODTÜ KKK’de 

toplanan DHI ölçümleri yardımıyla çıkarılan 2 denklemi kullanarak. Sırasıyla bu 

yöntemlerin vermiş olduğu %RMSE değerleri %18, 70% ve %74 civarlarındadır. Bu 

değerler 8 farklı model için dörder kez hesaplandı ve bu sonuçlara göre Liu-Jordan ve 

Badescu modelleri izotopik ve basit modeller olmalarına rağmen, anizotrop olan 

gelişmiş modellerden gerçeğe daha yakın tahmin sonuçları verdiler. Bu sonuçlara 

göre, Kıbrıs şartları için, izotropic modeller kullanarak eğimli yüzey üzerine düşen 

toplam güneş enerjisi tahmini yapmak en iyisi olacaktır. Ayrıca tüm bu modeller ve 

sonuçlar kullanılarak enerji üretim tahmini üzerinde karşılaştırmalar yapıldı. Tahmini 

üretim değerleri ODTÜ KKK da bulunan 1 MW kurulu gücündeki güneş enerji 

santralinin gerçek üretimiyle kıyaslandı ve her bir yöntemde çıkan %RMSE değerinin 

enerji üretimindeki %RMSE değerlerinden düşük çıktığı görüldü. Tüm bunlar 

yorumlandığında sonuç olarak Bailek’in 23. modellinin DHI tahmini için en iyi model 

olduğu, Badescu modelinin eğimli yüzeyde ki toplam güneş enerjisi tahmini için en 



viii 
 

iyi model olduğu söylenebilir. Ayrıca, bu değerler kullanarak enerji üretimi kontrol 

edildiğinde güneş enerjisi tahmininde ki farkların enerji üretiminde daha da azaldı 

görülmekte. Belirtilen 2 model kullanarak DHI ölçümü olmayan lokasyonlar için 

sadece GHI ölçümü kullanarak enerji üretim tahmini başarılı bir şekilde yapılabilir.  

Anahtar Kelimeler: güneş enerjisi, DHI tahmini, eğimli yüzeyde toplam güneş 

enerjisi tahmini, PV sistemlerinde enerji üretimi. 
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CHAPTER 1 – INTRODUCTION 

1.1. Problem Statement 

In today’s 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 Liu’s 

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

Perez, Muneer, Skartveit Olseth, Hay and Davies, Reindl and Badescu’s isotropic 

models.  
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CHAPTER 2 – LITERATURE REVIEW 

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

radiation from GHI or 𝐺𝑜 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 

years’ 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 𝑆0 represents maximum possible sun-shine 

duration and 𝐾𝑡 represents clearness index. 

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

Tamanrasset [8]. 

Station Adrar Ghardaia Tamanrasset 

Latitude (°𝑁) 27.88 32.36 22.78 

Longitude (°𝑁) -0.27 3.81 5.51 

Elevation (𝑚) 269 450 1378 

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

Mean GHI (𝑀𝐽/𝑚2𝑑𝑎𝑦) 6.89 7.44 7.26 

Mean 𝑆 (𝐻𝑜𝑢𝑟) 9.27 8.68 9.20 

Mean 𝑇 (°𝐶) 25.9 21.34 22.71 

Mean 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 (%) 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. 



8 
 

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 

Turkey’s 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 (𝐼𝑜) is a function of clearness 

index (𝑘𝑡) [11] and for group 4, ratio between DHI and extraterrestrial radiation (𝐼𝑜) 

is a function of sun-shine duration (𝑆). 𝑆𝑜 represents maximum possible daily sunshine 

hour.  

Group 1 [20]; 𝐾𝑑 =
𝐷𝐻𝐼

𝐺𝐻𝐼
) ≈ 𝑓 (𝑘𝑡 =

𝐺𝐻𝐼

𝐼𝑜
)  

Group 2 [21]; (𝐾𝑑 =
𝐷𝐻𝐼

𝐺𝐻𝐼
) ≈ 𝑓 (

𝑆

𝑆𝑜
)  

Group 3 [11]; (𝐾𝑑𝑑 =
𝐷𝐻𝐼

𝐼𝑜
) ≈ 𝑓 (𝑘𝑡 =

𝐺𝐻𝐼

𝐼𝑜
)  

Group 4 [21]; (𝐾𝑑𝑑 =
𝐷𝐻𝐼

𝐼𝑜
) ≈ 𝑓 (

𝑆

𝑆𝑜
)  

 

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].  

 𝐾𝑑 = 1.1244 − 1.5582𝑘𝑡 + 0.3635𝑘𝑡
2 (1) [11] 

 𝐾𝑑 = 0.663 − 0.4883 ∙
𝑆

𝑆𝑜
 (2) [11] 

 𝐾𝑑𝑑 = 0.331 − 0.233𝑘𝑡 (3) [11] 

 𝐾𝑑𝑑 = 0.2205 − 0.0126 ∙
𝑆

𝑆𝑜
− 0.1292 ∙ (

𝑆

𝑆𝑜
)

2

 (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 (𝐼𝑜) and maximum possible sun-shine duration (𝑆𝑜) 

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 (𝑚) 

Ankara 32°53′ 39°57′ 894 

Istanbul 29°05′ 40°58′ 39 

Izmir 27°10′ 38°24′ 15 
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Group 1; 𝐾𝑑 = 0.6772 − 0.4841𝑘𝑡,    𝑅2 = 0.9707 (5) 

Group 1; 

𝐾𝑑 = 0.981 − 1.9028𝑘𝑡 + 1.9319𝑘𝑡
2 − 0.6809𝑘𝑡

3,     𝑅2

= 0.9979 

(6) 

Group 2; 𝐾𝑑 = 0.5456 − 0.2242
𝑆

𝑆𝑜
,      𝑅2 = 0.9037 (7) 

Group 2; 
𝐾𝑑 = 0.6595 − 07841

𝑆

𝑆𝑜
+ 0.7461 (

𝑆

𝑆𝑜
)

2

− 0.2579 (
𝑆

𝑆𝑜
)

3

,

𝑅2 = 0.9722 

(8) 

Group 3; 𝐾𝑑𝑑 = 0.1155 + 0.1958𝑘𝑡,      𝑅2 = 0.9965 (9) 

Group 3; 
𝐾𝑑𝑑 = 0.0273 + 0.727𝑘𝑡 − 1.0411𝑘𝑡

2 + 0.6659𝑘𝑡
3,     𝑅2

= 0.9974 

(10) 

Group 4; 𝐾𝑑𝑑 = 0.1677 + 0.0926
𝑆

𝑆𝑜
,      𝑅2 = 0.9662 (11) 

Group 4; 

𝐾𝑑𝑑 = 0.1437 + 0.2151
𝑆

𝑆𝑜
− 0.1748 (

𝑆

𝑆𝑜
)

2

+ 0.0697 (
𝑆

𝑆𝑜
)

3

, 𝑅2 = 0.9820 

(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; 

𝐷𝐻𝐼

𝐺𝐻𝐼
= 𝑓(𝑘𝑡) 

𝐷𝐻𝐼

𝐺𝐻𝐼
= 𝑓(𝑆) 

𝐷𝐻𝐼

𝐺𝐻𝐼
= 𝑓(𝑘𝑡, 𝑆) 

 

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

[22]. 

Location Longitude 

(°𝐸) 

Latitude 

(°𝑁) 

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 

Diyarbakır 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, 𝐼𝑜, 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 Bakirci’s 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 Bakirci’s 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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𝐾𝑑 = 0.8130 − 0.2041𝑘𝑡 − 0.8108𝑘𝑡
2 + 0.5217𝑘𝑡

3

− 0.0491
𝑆

𝑆0
− 0.5646 (

𝑆

𝑆0
)

2

− 0.3961 (
𝑆

𝑆0
)

3

,   𝑅 = 1 

(13) 

 𝐾𝑑 = 1.0 − 1.13𝑘𝑡 (14) 

 𝐾𝑑 = 0.583 − 0.9985𝑘𝑡 − 5.24𝑘𝑡
2 + 5.322𝑘𝑡

3 (15) 

 

𝐾𝑑 = 0.7463 + 1.2922𝑘𝑡 − 3.7966𝑘𝑡
2 − 0.7285

𝑆

𝑆0

+ 1.0592 (
𝑆

𝑆0
)

2

 

(16) 

 𝐾𝑑 = 1.0087 − 1.0779𝑘𝑡 − 0.1058𝑘𝑡
2 (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]. 
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Table 10. Statistical indicators of derived models with Gebze DHI measurements [22]. 

 

Until this point results of studies completed for the locations which are close to Cyprus 

were shown. These studies gave promising results for locations close to Cyprus and 

findings of these models will be used in further calculations steps; however, there are 

some similar studies which were completed for locations which are not close to 

Cyprus. These studies are also investigated, and it is seen that it is better to use models 

gave accurate results in the areas which are geographically close to Cyprus. Some of 

studies far from Cyprus will be shown after this point.  

In Rensheng et al.’s study [23], they checked 3 different groups of models to estimate 

DHI for overall China. The first group is Iqbal’s group of models [24]. For these 

groups of models, ratio between DHI and GHI is based on a polynomial equation 

which uses sunshine duration and different coefficients. Equation (1818) shows 

Iqbal’s [24] group of models. In the second group of models, El-Sabaii and Trabea’s 

models [14] are used. For this group, ratio between DHI and 𝐼𝑜 is calculated as a 
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polynomial equation based on sunshine duration. Equation (1919) shows El-Sabaii and 

Trabea’s model [14] For the third group, they used Liu and Jordan’s model [17] to 

estimate ratio between DHI and GHI. Equation (2020) shows Liu and Jordan’s DHI 

estimation model. In this equation, 𝑌0 represents the ratio of 𝐷𝐻𝐼 𝐺𝐻𝐼⁄  when 𝑘𝑡 < 0.2. 

According to that value of 𝑋0 is 0.2. Value of 0.2 is calculated from readings collected 

from 14 different locations in China for 5 years. 

 
𝐷𝐻𝐼

𝐺𝐻𝐼
= 𝑎 + 𝑏 (

𝑆

𝑆𝑜
) + 𝑐 (

𝑆

𝑆𝑜
)

2

 (18) 

 
𝐷𝐻𝐼

𝐼𝑜
= 𝑎 + 𝑏 (

𝑆

𝑆𝑜
) + 𝑐 (

𝑆

𝑆𝑜
)

2

 (19) 

 

𝐷𝐻𝐼

𝐺𝐻𝐼
= 𝑌0    𝑓𝑜𝑟 𝑘𝑡 < 𝑋0 

𝐷𝐻𝐼

𝐺𝐻𝐼
= 𝑎 + 𝑏 ∙ 𝑘𝑡    𝑓𝑜𝑟 𝑘𝑡 > 𝑋0 

(20) 

Figure 5. Distribution of DHI measurement stations in China [23]. Figure 5 shows 

distribution of DHI measurement stations in China, and the data from these stations 

were used in Rensheng et al.’s study [23]. Table 11 shows calculated coefficients and 

𝑅2 values for the models of Iqbal [24] and El-Sebaii [14] for different locations in 

China and mean value and standard deviation (SD) of them. According to the results 

in Table 11, Iqbal’s model [24] gave promising results for China but El-Sebaii’s model 

[14] did not. 𝑅2 values for El-Sebaii’s model [14] was very low which showed that 

this model would not give accurate DHI estimation for China. However, 𝑅2 values for 

Iqbal’s model [24] was about 0.85 and mean value of 𝑅2 was 0.84 which could be used 

to estimate DHI value for any location in China. 
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Figure 5. Distribution of DHI measurement stations in China [23]. 

Table 11. Iqbal model and A.A. El-Sebaii model parameters at 16 stations in China, 

the data used are between January 1 1994 and December 1998 [23]. 

 

Table 12 shows 𝑋0, a and b coefficients and 𝑅2 values for Liu and Jordan’s DHI 

estimation model [17]. 𝑅2 results were higher than El-Sebaii model [14]; however, 

they were slightly lower than 𝑅2 results of Iqbal's [24] model. Liu and Jordan’s DHI 
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estimation model [23] was also a good option to estimate DHI for all over the China. 

As a conclusion, Iqbal’s model [24] was the best option, and Liu and Jordan’s DHI 

estimation model [23] was the second best model to estimate DHI for all over the 

China [23] among the investigated options. 

Table 12. Parameters of Liu and Jordan model [23]. 

 

In another study, Pandey and Katiyar tried to see the most accurate DHI estimation 

model for the whole India region [7]. They collected DHI, GHI and sunshine duration 

data from different cities of India; Jodhpur (Latitude 26.30°N, Longitude 73.03°E), 

Calcutta (Latitude 22.65°N, Longitude 88.35°E), Bombay (Latitude 19.12°N, 

Longitude 72.85°E) and Pune (Latitude 18.53°N, Longitude 73.91°E) for 5 years 

(2001-2005). Their aim was to establish a model which estimates DHI for the whole 

India with a high accuracy. Least square regression analysis was used to determine 

coefficients of third-degree polynomial equations of models. Four equations were 

created with the collected data; Equations (21)-(24). Pandey and Katiyar [7] created 

another model and called that model AIC(I), this model is shown as Equation (25), 

and they also tested this model to see the estimation accuracy. They applied statistical 

test methods to see accuracy of their models. For the first 4 models, differences 
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between estimated and measured DHI values were about 10%, but the difference for 

AIC(I) model was less than 5% for all cities. Pandey and Katiyar [7] suggested the 

AIC(I) model to estimate DHI for the whole India, and suggested to use this model in 

the locations which have similar weather conditions with India. 

 
𝐷𝐻𝐼

𝐺𝐻𝐼
= −2.887 + 17.95 (

𝑆

𝑆0
) − 29.4 (

𝑆

𝑆0
)

2

+ 14.92 (
𝑆

𝑆0
)

3

 (21) 

 
𝐷𝐻𝐼

𝐺𝐻𝐼
= 3.419 − 15.03 (

𝑆

𝑆0
) + 25.18 (

𝑆

𝑆0
)

2

− 13.86 (
𝑆

𝑆0
)

3

 (22) 

 
𝐷𝐻𝐼

𝐺𝐻𝐼
= 0.8384 − 0.2841 (

𝑆

𝑆0
) − 0.8208 (

𝑆

𝑆0
)

2

+ 0.4315 (
𝑆

𝑆0
)

3

 (23) 

 
𝐷𝐻𝐼

𝐺𝐻𝐼
= 1.033 + 0.9107 (

𝑆

𝑆0
) − 0.1288 (

𝑆

𝑆0
)

2

+ 0.0972 (
𝑆

𝑆0
)

3

 (24) 

 
𝐷𝐻𝐼

𝐺𝐻𝐼
= 0.09781 + 4.763 (

𝑆

𝑆0
) − 11.32 (

𝑆

𝑆0
)

2

+ 7.167 (
𝑆

𝑆0
)

3

 (25) 

2.2. Studies in Literature about Comparison of Different Solar Models to 

Estimate Total Solar Energy Which is Incident on a Tilted Surface 

Solar energy is popular at least for last 50-60 years. As the negative effects of 

conventional carbon based fules understand better and these effects become more and 

more visible, investments and research & development projects to solar energy and 

other renewable energy projects are increasing. For instance, before calculating energy 

production from a PV module, total solar radiation reaches on this module should be 

calculated correctly. There are lots of different studies about estimating solar incident 

radiation on a tilted surface, such as a surface of PV modules. In these studies, total 

solar energy on a tilted surface was calculated with different models and these results 

were compared with solar measurements on a tilted surface. To the best of my 

knowledge, there is not any publication for Cyprus; however, there are lots of 
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publications for different locations. In some models, for the same location different 

models were suggested for different weather conditions. 

For instance, Yang (2016) [25] compared 26 solar models for 4 different locations. 

Yang [25] collected data from Singapore (1.30°𝑁; 103.77°𝐸), Golden (Colorado, US) 

(39.74°𝑁; 105.18°𝑊), Oldenburg (Germany) (53.15°𝑁; 8.17°𝐸) and Eugene 

(Oregon, US) (44.05°𝑁; 127.07°𝑊) for one year period and calculated total solar 

energy on tilted surfaces for different tilt angles and different azimuth angles 

combinations. Yang [25] compared data from different continents and locations far 

from each other to generalize a universal model to calculate solar energy on a tilted 

surface. Yang [25] applied normalized mean bias error (nMBE) and normalized root 

mean square error (nRMSE) on calculated results to compare accuracy of these 

models. Table 13 and Table 14 show results for nMBE and nRMSE, respectively, for 

18 different cases are shown. Yang calculated solar energy on tilted surfaces for 

different tilt and azimuth angles combinations and compared these results with 

measured results. For example, nMBE is 2.2 for Eugene if tilt angle is 30° and azimuth 

angle is 180° using Liu and Jordan’s isotropic model and nMBE is -21.2 for Eugene 

if tilt angle is 90° and azimuth angle is 0° using Klucher’s anisotropic model. Original 

sources of models which are shown in following tables from Yang’s [25] study are 

stated here. Liu [17], Temps [26], Bugler 1 [27], Bugler 2 [28], Klucher [29], Steven 

1 [30], Steven 2 [31], Hay 2 [32], Willmott [33], Koronakis [34], Perez 1 [35], Perez 

2 [5], Perez 4 [36], Skartveit [37], Gueymard [38], Muneer1 [39], Reindl [40], Olmo 

1 [41], Tian [42], Badescu [43]. 
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Table 13. nMBE results of 26 different models for 4 different locations and 18 different 

tilt and azimuth angle combinations [25]. 

 

These results show that most of models struggle with vertical surfaces’ calculations. 

Yang aimed to be able to suggest a universal model after this work; however, nMBE 

and nRMSE results showed that it is not possible to suggest a universal solar model. 

Order of accuracy of models are shown in Table 13 and Table 14, while clarifying 

accuracy of models, effect of nRMSE is more important than nMBE and Yang 

suggested using Perez family models. Accuracy of Perez models for each combination 

are in an acceptable limit [25].  
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Table 14. nRMSE results of 26 different models for 4 different locations and 18 

different tilt and azimuth angle combination [25]. 

 

In another study, Li et al (2017) compared 7 different solar model to verify which solar 

model fits with highest accuracy for Beijing, China. Li et al. [44] aimed to estimate 

total solar irradiance on building facades. Beijing is one of the most populated cities 

in the World and energy consumption of the city is very high. Industrial activities and 

excess amount of energy consumption causes excess amount of carbon emission in 

Beijing. To be able to decrease carbon emission in Beijing, covering building facades 

with solar modules is advertised by government. In this case, it is important to estimate 

energy produced by solar modules to create a high performance and efficient energy 
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systems for buildings. For urban areas, estimation of solar energy potential is quite 

complex especially for diffuse radiance. One of the reasons is that when building 

facades are covered with solar modules, these modules will be perpendicular to 

ground, and this makes diffuse component hard to estimate. Li et al. [44] compared 

different models to determine most accurate model for urban areas in Beijing, China. 

They compared Bugler [27], Klucher [29], Skartveit-Olseth [37], Perez (1987) [5], 

Muneer [39], Yao [45] and Igawa [46] models. Li et al. [44] compared these models 

results for different orientations (West, East, North, South facing facades) and for 

different weather conditions. Coordinate of Beijing is 39°55′𝑁; 116°23′𝐸 and data 

collected was from 17 December 2016 to 12 February 2017. Li et al. [44] calculated 

MBE and RMSE for their results to evaluate accuracy of models which they compared. 

They also calculated coefficient of determination of linear regression analysis of data 

(R2). Table 15 shows MBE, RMSE and R2 for all sky conditions. According to Table 

15 results, they recommended Muneer and Iwaga models for all sky conditions for 

Beijing. 

Table 15. MBE and RMSE of models which Li et al used on all sky conditions [44]. 

Model MBE 

(W/m2) 

MBE 

(%) 

RMSE 

(W/m2) 

RMSE 

(%) 

R2 

Bugler -4.59 6.31 11.84 20.16 0.9326 

Iwaga -1.39 6.63 5.40 13.43 0.9487 

Klucher -0.41 15.79 14.38 28.09 0.9177 

Muneer 0.93 5.63 6.38 11.88 0.9378 

Perez 5.11 7.48 13.72 23.06 0.9261 

Skartveit-Olseth -12.71 -35.41 15.22 39.41 0.8520 

Yao 0.58 8.48 7.17 16.26 0.9210 

 

Li et al. [44] also investigated models under different sky conditions, such as 

overcast (O), intermediate (I), and clear (C) sky conditions. Table 16 and  
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Table 17 show MBE and RMSE results for these sky conditions. According to these 

results it can be said that performance of models highly variable to sky conditions. For 

example, Skartveit-Olseth model gives accurate results for overcast sky conditions; 

RMSEovercast=2.44%; however, for clear sky conditions this model is highly unreliable; 

RMSEclear=128.63%. When the results were investigated it can be concluded that 

Muneer and Yao models performs better others. For overcast and intermediate-

overcast sky conditions Skartveit-Olseth, Iwaga and Muneer models show more 

accurate result than others for intermediate-clear and clear sky conditions. Table 6 and 

7 show MBE and RMSE results of the models for different orientations, respectively.  

Table 16. MBE of models which Li et al used on different sky conditions [44]. 

Model MBE (W/m2) MBE (%) 

 O I-O I I-C C O I-O I I-C C 

Bugler 0.52 0.20 12.78 16.65 21.18 4.31 30.30 24.21 -11.11 10.81 

Iwaga 0.14 -0.35 0.95 -5.24 -9.17 2.43 15.94 17.54 11.54 5.17 

Klucher 0.53 3.23 -1.53 -4.76 -2.23 4.32 31.38 43.69 32.66 50.37 

Muneer 0.16 -1.29 -3.21 6.45 5.17 2.56 8.79 20.04 -2.79 9.69 

Perez 0.48 0.31 14.08 19.96 21.81 4.22 29.41 23.53 -1.36 21.09 

Skart. -Ol. 0.37 11.75 26.97 45.17 52.05 0.59 -8.98 32.83 154.65 103.1 

Yao 0.67 4.51 5.63 -5.02 12.38 8.74 49.13 26.96 -24.00 -7.50 

 

Table 17. RMSE of models which Li et al used on different sky conditions [44]. 

Model RMSE (W/m2) RMSE (%) 

 O I-O I I-C C O I-O I I-C C 

Bugler 0.76 17.44 36.73 39.51 36.71 4.79 57.78 59.58 49.19 30.04 

Iwaga 0.40 7.65 10.57 17.80 19.53 3.07 35.75 25.38 22.42 32.36 

Klucher 0.77 18.35 40.61 49.83 48.25 4.80 58.52 73.77 77.97 67.3 

Muneer 0.44 10.80 19.23 19.15 19.15 3.24 38.60 38.37 29.76 8.22 

Perez 0.75 18.65 39.54 46.72 45.15 4.71 57.35 61.57 59.00 46.64 

Skart. -Ol. 0.49 15.72 28.96 53.61 58.97 2.44 39.76 52.38 39.67 128.6 

Yao 1.40 15.58 16.70 18.95 21.42 9.52 57.97 36.00 21.11 11.00 

 

In addition to the effects of sky conditions, Li et al. [44] analyzed the effects of 

orientation of building facades on the amount diffuse irradiance reaching surface. 

Performance of models for different orientations usually steady with respect to other 

orientations. For example, Iwaga model shows the most accurate performance for 

West facade and this model shows quiet reliable results for other facades as well. 

According to Table 18 and  
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Table 19, it can be concluded that Muneer and Iwaga model shows better performance 

on East facade. Iwaga, Yao and Muneer models give smaller MBE and RMSE results 

on west, north, south facades respectively. To sum up, Iwaga model was identified as 

most accurate solar model for Beijing after a 3-month investigation and data collection. 

It is logical that Iwaga model shows the most accurate results for Beijing because 

origin of this model is Kyoto, Japan. Kyoto, Japan and Beijing, China are close 

geographic locations to each other and it is logical to recommend Iwaga solar model 

for Beijing [44].  

Table 18. MBE of models which Li et al. used on different orientations [44]. 

Model MBE (W/m2) MBE (%) 

 E S W N E S W N 

Bugler -3.91 -21.36 -0.72 7.64 4.01 -14.32 5.63 29.90 

Iwaga -2.93 -6.46 1.02 2.83 2.11 3.94 5.17 15.32 

Klucher 0.15 -19.77 3.72 14.25 11.65 -12.69 15.24 48.98 

Muneer -1.55 -2.23 3.26 4.21 2.21 -5.07 8.36 17.01 

Perez -4.00 -25.01 -0.53 9.10 4.64 -15.71 6.97 34.04 

Skart. -Ol. -13.32 -9.42 -7.84 -20.28 -33.10 -12.07 -28.69 -67.78 

Yao -4.20 -0.28 0.91 1.26 6.02 11.27 6.55 10.07 

 

Table 19. RMSE of models which Li et al. used on different orientations [44]. 

Model RMSE (W/m2) RMSE (%) 

 E S W N E S W N 

Bugler 10.61 22.72 6.32 7.72 18.53 15.22 16.30 30.57 

Iwaga 6.33 8.99 3.27 3.00 11.63 15.89 10.12 16.09 

Klucher 12.37 21.02 9.76 14.36 24.01 15.04 24.12 49.17 

Muneer 5.60 9.60 5.87 4.45 10.25 4.93 14.03 18.30 

Perez 11.75 26.10 7.81 9.22 20.48 18.60 18.76 34.39 

Skart. -Ol. 14.70 12.98 11.66 21.55 35.76 5.72 38.30 77.88 

Yao 8.84 12.68 4.98 2.19 18.82 19.08 13.92 13.22 

 

In another study, Shukla et al. (2015) [47] compared 3 isotropic and 3 anisotropic 

model for Bhopal, India. Location of Bhopal, India is 23°26′𝑁; 77°36′𝐸. Bhopal is 

under the effect of Monsoons and usually Monsoon rains start in June and lasts till 

September. As mentioned earlier, Shukla et al. compared 3 isotropic models namely 
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Liu and Jordan (LJ) (1960) [17], Koronakis (KO) (1986) [34] and Badescu (BA) 

(2002) [43], and 3 anisotropic models namely Hay and Davies (HD) (1980) , Reindl 

(RE) et al. (1990) [40] and HDKR (2006)  models. Shukla used several different 

models to calculate daily global irradiation, diffuse and beam solar radiation on a 

horizontal surface for Bhopal, India. After they calculated radiation values for 

horizontal surface, they calculated total radiation on surface tilted 23.26° (latitude of 

Bhopal) with the above mentioned 6 different solar models. Calculated tilted radiation 

values were compared with data collected with a pyranometer tilted at same angle. 

Shukla et al. applied 4 statistical tests to their results to determine accuracy results. 

Figure 6 shows calculated solar radiation for 6 models and measured tilted solar 

radiation. As it is shown in Figure 6, Liu and Jordan model and Koronakis model 

almost give same results. Hay and Davies, Reindl et al. and HDKR models give 

slightly higher results than isotropic models because these anisotropic models consider 

circumsolar components in diffuse radiation.  

 

Figure 6. Average daily solar radiation on tilted surface for 6 models and measured 

data from a tilted surface (𝐻̅𝑔𝑚𝑡) [47]. 
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Table 20 shows estimated value of total radiation on a horizontal surface, measured 

total radiation on a tilted surface and estimated daily solar radiation on tilted surface 

for 6 different models for 12 months and yearly average. This table helps to follows 

numerical results easier. Tilted measurement and estimations are higher than estimated 

values of horizontal radiation as expected for each month. Except April, monthly 

averages of estimated tilted radiation values are higher than measured tilted radiation 

values for each month. Figure 7, Figure 8, Figure 9 and Figure 10 show results of 

MAPE, MBE, RMSE and t-stat for 6 models respectively. For these values, they are 

desired to be small as possible, especially for t-stat values. Smaller the t-stat value, 

more accurate the model. Figure 10 shows yearly average of t-stat for each model and 

according to this figure, isotropic models are more accurate than anisotropic models 

because t-stat results are lower for isotropic models.  

Table 20. Estimated value of total radiation on a horizontal surface [47]. 

Month 
𝐻̅𝑔𝑚 (

𝑘𝑊ℎ

𝑚2
) 𝐻̅𝑔𝑚𝑡 (

𝑘𝑊ℎ

𝑚2
) 

Estimated daily solar radiation on tilted 

surface (𝑘𝑊ℎ 𝑚2⁄ ) 

LJ KO BA HD RE HDKR 

Jan 4.38 5.59 6.36 6.41 6.33 7.43 6.75 6.63 

Feb 5.21 6.12 6.54 6.56 6.51 8.04 6.90 6.77 

March 6.62 6.75 4.18 4.82 4.74 5.73 5.06 4.95 

April 6.97 6.90 4.28 4.27 4.18 4.82 4.36 4.31 

May 6.78 6.34 6.50 6.52 6.42 7.33 6.62 6.44 

June 5.57 5.12 6.35 6.35 6.24 7.08 6.40 6.28 

July 4.03 3.78 5.56 5.52 5.46 6.10 5.56 5.47 

Aug 3.91 3.77 7.28 7.34 7.26 8.24 7.49 7.36 

Sep 5.11 5.18 6.75 6.75 6.66 7.71 6.97 6.83 

Oct 5.33 5.97 7.30 7.32 7.25 8.62 7.78 7.63 

Nov 4.70 5.79 6.36 6.12 6.04 7.42 6.56 6.41 

Dec 4.49 5.07 6.26 6.27 6.22 7.29 6.64 6.52 

Average 5.22 5.33 6.14 6.18 6.10 7.15 6.42 6.30 
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Figure 7. Mean Absolute Percentage Error (MAPE) for 6 models [47]. 

 

Figure 8. Mean Bias Error (MBE) for 6 models [47]. 

 

Figure 9. Root Mean Square Error (RMSE) for 6 models [47]. 
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Figure 10. t-statistics for 6 models [47]. 

To sum up, Shukla et al. [47] compared 6 different solar models for Bhopal, India for 

one-year period. They collected tilted measurement data from a surface tilted with 

23.26°. According to the results that they get, Hay and Davies model estimates the 

highest amount of solar energy on tilted surface and Badescu’s isotropic model 

estimated the lowest. Most of the isotropic models estimated lower solar radiation on 

tilted surface in overcast weather conditions and estimated higher results than tilted 

measurement in good weather conditions from August to February. Liu and Jordan’s 

and Koronakis’ isotropic models estimated almost the same total radiation on tilted 

surfaces for each month. Badescu model estimated closer total radiation to measured 

radiation on tilted surface. Additionally, statistical error results for Badescu are smaller 

than other models’ results. By the light of these information, Shukla et al. suggest 

Badescu’s isotropic model to estimate total solar radiation on a tilted surface for 

Bhopal, India weather conditions [47].  

Moreover, Pandey and Katiyar (2014) [48] compared circumsolar model, isotropic 

model suggested by Liu and Jordan and isotropic models of Klucher [29] and Hay [49] 

with measurement from Lucknow, Uttar Pradesh, India (26.75°𝑁; 80.85°𝐸). Pandey 

and Katiyar measured global and diffuse radiation on horizontal surface and south 
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facing (𝛾 = 0°) surfaces inclined at 15°, 30°, 45° and 60°. Data collection period was 

one-year period, from January to December in 2007. Because of lack of space, Pandey 

and Katiyar [48] could only showed results for 5 different months. However, according 

to them the results of months that they coincided with other months. As shown in Table 

21, order of accuracy of models does not vary much with inclination angle except 

slight variation for high angles 45° and 60°. RMSE and MBE results in Table 21 show 

that Isotropic model suggested by Liu and Jordan and anisotropic models of Hay and 

Klucher perform better accuracy than circumsolar model for Indian climatic 

conditions. 

Table 21. RMSE and MBE results for Circumsolar, Isotropic, Klucher and Hay models 

[48]. 

 

To further illustrate the results of Pandey and Katiyar [48], Figure 11 shows measured 

and estimated values of radiation on tilted surfaces with different inclination angles. 

April data are shown in Figure 11 because radiation magnitudes and order of 

magnitudes of model estimations are very close to yearly average. According to this 

figure, to get maximum amount of radiation tilt angle should be 30° which is logical 

because to get yearly maximum radiation for any location, tilt angle should be latitude 

of that location. Latitude of Lucknow is 26.75° and getting highest of radiation at 30° 
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tilt angle is logical for this location. According to these results, the authors suggested 

Liu and Jordan’s isotropic model for Lucknow, Uttar Pradesh, India because of good 

accuracy and simplicity of the model [48]. 

 

Figure 11. Measured and estimated tilted radiation for different models and tilt angles 

for April (Beta means tilt angle of plate) [48]. 

Furthermore, Noorian et al (2007) evaluated 12 different models for Karaj, Iran 

(35°55′𝑁; 50°56′𝐸) [50]. They measured total radiation on horizontal surface and two 

different tilted surface using a solar station on the roof of thr Faculty of Agriculture, 

University of Tehran. One of the surfaces was tilted with 45° and this was faced 

through South (𝛾 = 0°). Second surface was tilted with 40° and this surface was faced 

through West (𝛾 = 90°). As mentioned earlier 12 models were investigated in 

Noorian et al (2007) and these models are Badescu [Ba] [43], Tian et al. [Ti] [42], 
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Perez et al. (1990) [P9] [36], Reindl et al. [Re] [40], Koronakis [Kr] [34], Perez et al. 

(1986) [P8], Skartveit and Olseth [SO] [37], Steven and Unsworth [SU] [31], Hay [Ha] 

[51], Klucher [Kl] [29], Temps and Coulson [TC] [52], and Liu and Jordan [LJ] [53]. 

Total solar radiation on tilted surface was calculated with these models for south facing 

(𝛾 = 0°) and west facing (𝛾 = 90°) plates. Evaluation of results carried out on a semi-

hourly basis and data collection period was from February 2002 to June 2002. To be 

able compare experimental and calculated results, Root Mean Square Error (RMSE) 

and Mean Bias Error (MBE) test were applied on results. Table 22 shows statistical 

results for the models for both south and west facing surfaces. For south facing surface, 

MBE and RMSE values are very close in each model, except SU and TC models where 

MBE and RMSE values were significantly higher in magnitude. SO, Ha, Re and P9 

models predicts solar radiation on tilted surfaces better than other models for south 

facing surface. For west facing surface MBE values were very close to each other 

except SU and TC model. RMSE values did not differ so much from each other. Perez 

(1990) was most accurate model for west facing surfaces and Skartveit and Olseth, 

Hay, Reindl and Perez are most accurate models for Karaj, Iran according to Noorian 

et al [50]. 

Table 22. Comparison of regression (calculated =a+ b x measured) and correlation 

coefficient (R), RMSE, MBE for south facing (A) and west facing (B) surface. RMSE 

and MBE are in units of MJ/m2 [50]. 
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In another study, Nijmeh and Mamlook (2000) compared Liu and Jordan’s isotropic 

model with Hay’s anisotropic model for Amman, Jordan (31°59′𝑁; 35°59′𝐸) [54]. 

They measured global radiation on a horizontal surface, global radiation on a 45° tilted 

surface and diffuse radiation on a horizontal surface for one-year period. Tilted surface 

which was used for this experiment was facing towards south (𝛾 = 0°). Nijmeh and 

Mamlook [54] compared Liu and Jordan’s isotropic model and Hay’s anisotropic 

model because these two models’ only difference from each other is calculation of 

diffuse component of global insolation. Nijmeh and Mamlook [54] used statistical 

error methods of RMSE and MBE to evaluate accuracy of measurements for 12 

months separately. Figure 12 shows MBE of isotropic and anisotropic for 12 months. 

Positive MBE means overestimation and negative MBE means underestimation. 

According to these results, both models overestimated during summer period and 

underestimated during winter period. Figure 13 shows results of RMSE for 12 months. 

According to results showed in Figure 12 and Figure 13 , these two models were in 

good agreement during whole year. RMSE of isotropic model changes between 3.6% 

and 25.7% and RMSE of anisotropic model changed between 3.5% and 25.6%. 

Isotropic model showed slightly better performance; it was 2% more accurate than 

anisotropic model during summer period.  For rest of the year, anisotropic model 

showed more accurate performance than isotropic model. Radiation on 45° tilted 

surface was showed on Figure 14 for these two models and measured tilted results. 

According to Figure 14, difference between tilted measurement and anisotropic and 

isotropic models’ estimations were close to each other.  
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Figure 12. MBE for global radiation on inclined surface [54]. 

 

Figure 13. RMSE for global radiation on inclined surface [54]. 

 

Figure 14. Monthly averages on 45o tilted surface [54]. 

Additionally, Table 23 shows ratio of monthly average daily radiation on a tilted 

surface and radiation on a horizontal surface. According to this table R values were 
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close to each other for each month, both of the Liu and Jordan’s isotropic model’s and 

Hay’s anisotropic model’s accuracies were both satisfactory and both of these models 

could be used to estimate solar radiation on tilted surfaces in Amman, Jordan [54]. 

Table 23. Ratio of monthly average daily radiation on a tilted surface and horizontal 

surface for experimental, isotropic model and anisotropic model [54]. 

Month Experimental Isotropic Anisotropic 

January 1.65 1.39 1.42 

February 1.58 1.33 1.35 

March 1.22 1.08 1.11 

April 1.03 0.99 1.01 

May 0.86 0.90 0.91 

June 0.76 0.85 0.87 

July 0.80 0.88 0.89 

August 0.93 0.97 0.98 

September 1.11 1.11 1.12 

October 1.39 1.31 1.32 

November 1.72 1.39 1.41 

December 1.63 1.60 1.61 

 

In this section results of some models were shown to be able to understand which 

models can be applied to Cyprus. Some of these models gave accurate estimations for 

the locations which are close to Cyprus. However, some models in the literature 

created with data collected from locations far away from Cyprus and it is expected that 

these models won’t give estimation results. For example, Iwaga model [44] created 

with readings from Japan and this model was not modified by other researchers to 

increase estimation accuracy for another location. Results for this model calculated 

during model selection period and this model’s estimation accuracy much lower than 

other models for Cyprus as expected. Solar income, seasonal conditions, and 

geographic conditions of Japan very different than Cyprus and a model created for 

Japan did not accurate estimation results for Cyprus.  
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CHAPTER 3 – METHODOLOGY 

In this chapter of this thesis, geometrical relations between sunlight and 

horizontal/tilted surfaces will be explained. Section 3.1 explains important and 

required angles and parameters which will be to estimate 𝐺𝑡𝑖𝑙𝑡𝑒𝑑. In Section 3.2, 

models which will be used to estimate total solar energy which is incident on tilted 

plate will be explained. For this thesis 8 different models will be explained. In Section 

3.3, energy production estimation of a PV power plant will be explained. In last section 

of Chapter 3, data collection process from METU NCC solar station and some 

important information about METU NCC solar power plant will be shown. 

3.1. Geometrical Relations 

The geometric relation between a surface and beam radiation coming from sun is 

described with several angles. Between sun rise and sun set time, as the sun moves 

these angles change. Figure 15 shows some of these important angles. 

 

Figure 15. Some of the important angles to define geometric relation between the Sun 

and a surface [55]. 
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Equation (26) shows how to calculate declination angle. Declination angle changes 

with number of days. Declination angle represents angular positions of the sun at solar 

noon with respect to the axis of the Earth, and it changes between −23.45° and 23.45°. 

 𝛿 = 23.45 ∙ sin (360
284 + 𝑛

365
) (26) 

where; 𝑛 is the number of days. 

Solar time (𝑡𝑠) is another term which is used in solar radiation calculations. Solar time 

is based on the angular position of the sun over the sky hemisphere. Usually there is a 

small difference between local time (𝑡𝑠𝑡𝑑) and solar time because local time is 

identified for a meridian and a time zone close to this meridian. Equation (27) shows 

relation between solar and local time. In this equation, 𝐸 is referred as the equation of 

time in minutes and, Equation (28) shows how to calculate it; 𝐿𝑠𝑡 is standard meridian 

for local time zone and 𝐿𝑙𝑜𝑐 is longitude of location. Another important point during 

calculation of solar time is consideration of daylight saving. In case of daylight-saving 

time, 1 hour should be subtracted from local time before calculating solar time. 

Equations (30) and (31) shows how to calculate standard meridian (𝐿𝑠𝑡) and longitude 

of location (𝐿𝑙𝑜𝑐) respectively [55].  

 𝑡𝑠 − 𝑡𝑠𝑡𝑑 = 4 ∙ (𝐿𝑠𝑡 − 𝐿𝑙𝑜𝑐) + 𝐸 (27) 

 

𝐸 = 229.2 ∙ (0.000075 + 0.001868 ∙ cos 𝐵 − 0.032077 ∙ sin 𝐵

− 0.014615 ∙ cos 2𝐵 − 0.04089 ∙ sin 2𝐵) 

(28) 

 𝐵 = (𝑛 − 1)
360°

365
 (29) 

 𝐿𝑠𝑡 = {
360° − 𝑇𝑍 ∙ 15°    𝑖𝑓  𝑇𝑍 > 0
−𝑇𝑍 ∙ 15°               𝑖𝑓   𝑇𝑍 < 0

} (30) 
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 𝐿𝑙𝑜𝑐 = {
𝐿𝑙𝑜𝑐                    𝑖𝑓 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑖𝑠 𝑖𝑛 𝑊𝑒𝑠𝑡
360° − 𝐿𝑙𝑜𝑐    𝑖𝑓 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑖𝑠 𝑖𝑛 𝐸𝑎𝑠𝑡

} (31) 

Another important parameter which is required for solar radiation calculations is the 

hour angle. Equation (32) shows how to calculate it. Hour angle gives negative results 

in mornings and positive results for afternoon. Equation (33) shows how to calculate 

cosine of zenith angle [55]. Zenith angle is the angle between beam radiation and 

normal of horizontal ground surface. Zenith angle reaches its minimum value at solar 

noon and from sun set to sun rise its value is higher than 90°.  

 𝜔 = (𝑡𝑠 − 12) ∙ 15°/ℎ𝑜𝑢𝑟 (32) 

 cos 𝜃𝑧 = cos 𝜙 ∙ 𝑐𝑜𝑠𝛿 ∙ 𝑐𝑜𝑠𝜔 + 𝑠𝑖𝑛𝜙 ∙ 𝑠𝑖𝑛𝛿 (33) 

Equation (34) and (35) show how to calculate solar azimuth angle. Solar azimuth angle 

is the angle between projection of beam radiation on ground and south. To be able to 

calculate solar azimuth angle zenith angle for a specific time, declination angle and 

hour angle should be calculated for that time and also latitude (𝜙) of the location 

should be known. Latitude describes angular position of a location according to 

equator. If latitude is positive; location is at north of equator, if it is negative; location 

is at the south of equator. Equation (36) shows how to calculate cosine of incidence 

angle (𝜃). Incidence angle is the angle between beam radiation and surface normal of 

a horizontal surface. Incidence angle calculation gives positive results for from sun 

rise to sun set, otherwise it is negative [55].  

 𝛾𝑠 = {
𝑠𝑖𝑔𝑛(𝜔) ∙ |cos−1(𝛾𝑠

′)|     𝑖𝑓    𝛾𝑠
′ ≠ 1 

0                                         𝑖𝑓     𝛾𝑠
′ = 1 

} (34) 

 𝛾𝑠
′ = {

𝑐𝑜𝑠𝜃𝑧 ∙ 𝑠𝑖𝑛𝜙 − 𝑠𝑖𝑛𝛿

𝑠𝑖𝑛𝜃𝑧 ∙ 𝑐𝑜𝑠𝜙
                  𝑖𝑓        𝜃𝑧 ≠ 0

1                                                     𝑖𝑓        𝜃𝑧 = 0

} (35) 

 cos 𝜃 =  𝑐𝑜𝑠𝜃𝑧 ∙ 𝑐𝑜𝑠𝛽 + 𝑠𝑖𝑛𝜃𝑧 ∙ 𝑠𝑖𝑛𝛽 ∙ cos (𝛾𝑠 − 𝛾) (36) 
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Extraterrestrial normal radiation is another important term which is used for solar 

radiation calculations. Equation (37) shows how to calculate extraterrestrial normal 

radiation on a plane. Extraterrestrial normal radiation is calculated daily and depends 

on number of day and solar constant (𝐺𝑠𝑐). To be able to calculate 𝐺𝑜𝑛, solar constant 

value should be determined. Some portion of the energy emitted from the Sun receives 

outside of earth’s atmosphere. Calculation of 𝐺𝑠𝑐 is based on heat transfer through 

radiation theory. Figure 16 basically explains the Sun-earth relationship. According to 

World Radiation Center’s calculations and measurements from outer space, solar 

constant is accepted as 1367 W/𝑚2 [55]. 

 𝐼𝑜𝑛 = 𝐺𝑠𝑐 ∙ (1 + 0.033 ∙ cos (
360° ∙ 𝑛

365
)) (37) 

 

 

Figure 16. Relation between the Sun and earth [55]. 

 𝐼𝑜 = 𝐼𝑜𝑛 ∙ cos 𝜃𝑧 (38) 

Equation (39) shows how to calculate the main sunshine hour angle (𝜔𝑠) and equation 

(40) shows how to calculate the maximum possible sunshine duration day length (𝑆𝑜) 

[55]. 
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 𝜔𝑠 = cos−1(− tan 𝜙 tan 𝛿) (39) 

 𝑆𝑜 =
2

15
𝜔𝑠 (40) 

3.2. Models Used to Estimate Solar Radiation on a Tilted Surface 

As mentioned earlier to increase solar income on a horizontal surface, solar plates are 

placed with a tilt angle. There are lots of different models to calculate total solar energy 

on a tilted plate. These models can be divided into two main chapter; isotropic sky 

model and anisotropic sky models. In this section 2 isotropic and 6 anisotropic models 

will be explained. 

3.2.1. Liu and Jordan’s Isotropic Sky Model 

Isotropic model is one of the simplest models to calculate total solar energy on a tilted 

surface. This model derived from the simplest and earliest solar model assumption 

which treats all radiation on a flat plate is direct solar radiation. Isotropic sky model 

improved this earliest model and considered diffuse and albedo components as well. 

This model can be understood easily and required calculation steps are simple and 

straight forward, however, it does not take consider the circumsolar diffuse and 

horizon brightening components [56]. Figure 17 shows horizon brightening, diffuse 

from horizon, isotropic diffuse and beam radiation components schematically. 

 𝐼𝑇 = 𝐼𝑏𝑛 ∙ cos 𝜃 + 𝐼𝑑 ∙
1 + cos 𝛽

2
 (41) 
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Figure 17. Beam, diffuse and ground reflected radiation on a tilted surface [55]. 

As explained before, Equation (42) gives monthly total radiation on a tilted surface. 

To be able to calculate monthly average radiation on a tilted surface Equation (43) can 

be used. Equation (43) is integrated from Equation 11 which is incidence angle 

equation. When Equation (36) is integrated from true sunrise to sunset for a surface 

which has 0° degree zenith angle (𝛾 = 0). To simplify calculation of 𝑅̅𝑏 Duffie and 

Beckman created some tables for different difference between latitude of the location 

and tilt angle of surfaces. In Appendix A, 𝑅̅𝑏 table which was used for calculation of 

monthly average radiation on a tilted surface can be seen. 

 𝐻̅𝑇 = 𝐻̅𝑏𝑅̅𝑏 + 𝐻̅𝑑 (
1 + cos 𝛽

2
) (42) 

 𝑅̅𝑏 =
cos(∅ − 𝛽) cos 𝛿 sin 𝜔𝑠

′ + (𝜋/180)𝜔𝑠
′ sin(∅ − 𝛽) sin 𝛿

cos ∅ cos 𝛿 sin 𝜔𝑠 + (𝜋/180)𝜔𝑠 sin ∅ sin 𝛿
 (43) 

 𝜔𝑠
′ = 𝑚𝑖𝑛 [

cos−1(− tan ∅ tan 𝛿)

cos−1(− tan(∅ + 𝛽) tan 𝛿)
] (44) 

3.2.2. HDKR Model 

Klucher (1979) started to work on anisotropic models because Liu and Jordan’s model 

was assuming diffuse solar energy has an isotropic distribution over the sky 

hemisphere; however, it is not [56], and the first time, he proposed creating and 

anisotropic model. Hay and Davies (1980) worked on to estimate diffuse energy on a 
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tilted surface and they assumed circumsolar diffuse radiation is the same in all 

directions just like beam radiation; however, they did not consider horizon brightening 

during creating their model. Reindl et al. (1991b) improved this model and add horizon 

brightening term to Hay and Davies model. Equation 1 shows diffuse radiation on a 

tilted surface and equation and equation 5 shows total radiation on a tilted surface [56]. 

 𝐼𝑑𝑇
= 𝐼𝑑 {(1 − 𝐴𝑖) (

1 + cos 𝛽

2
) [1 + sin3 (

𝛽

2
)] + 𝐴𝑖𝑅𝑏} (45) 

where; 

 𝐴𝑖 =
𝐼𝑏𝑛

𝐼𝑜𝑛
=

𝐼𝑏

𝐼𝑜
 (46) 

 𝑅𝑏 =
cos 𝜃

cos 𝜃𝑧
 (47) 

 

𝐼𝑇 = 𝐼𝑏𝑛 ∙ cos 𝜃

+ 𝐼𝑑 {(1 − 𝐴𝑖) (
1 + cos 𝛽

2
) [1 + 𝑓 sin3 (

𝛽

2
)]

+ 𝐴𝑖𝑅𝑏} 

(48) 

3.2.3. Perez Model 

Perez et al. [5] worked on anisotropic sky diffuse models and enhanced HDKR model 

by considering both circumsolar diffuse and horizon brightening. Shortly, Perez 

divided sky into two pieces to check diffuse component of solar radiation. Perez model 

is more complex than previous models because of circumsolar diffuse and horizon 

brightness terms. Equation (49) shows diffuse radiation on a tilted surface and equation 

(54) shows total solar radiation on a tilted surface for Perez model. 
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Table 24. Brightness coefficient for Perez Anisotropic Sky Model [5]. 

Range of 𝜀 𝑓11 𝑓12 𝑓13 𝑓21 𝑓22 𝑓23 

1-1.065 -0.008 0.588 -0.062 -0.060 0.072 -0.022 

1.065-1.230 0.130 0.683 -0.151 -0.019 -0.066 -0.029 

1.230-1.5 0.330 0.487 -0.221 0.055 -0.064 -0.026 

1.5-1.95 0.568 0.187 -0.295 0.109 -0.152 0.014 

1.95-2.8 0.873 -0.392 -0.362 0.226 -0.462 0.001 

2.8-4.5 1.132 -1.237 -0.412 0.288 -0.823 0.056 

4.5-6.2 1.060 -1.600 -0.359 0.264 -1.127 0.131 

6.2-∞ 0.678 -0.327 -0.250 0.156 -1.377 0.251 

 

 𝐼𝑑𝑇
= 𝐼𝑑 [(1 − 𝐹1) (

1 + cos 𝛽

2
) + 𝐹1

𝑎

𝑏
+ 𝐹2 sin 𝛽] (49) 

where; 

𝑎 = max (0, cos 𝜃),   𝑏 = max (cos 85 , cos 𝜃𝑧) 

 
𝜀 =

𝐼𝑑 + 𝐼𝑏𝑛

𝐼𝑑
+ 5.535𝑥10−6𝜃𝑧

3

1 + 5.535𝑥10−6𝜃𝑧
3

 
(50) 

where; 𝜃𝑧 terms are in degree. 

 𝐹1 = 𝑚𝑎𝑥 [0, (𝑓11 + 𝑓12∆ +
𝜋𝜃𝑧

180
𝑓13)] (51) 

 𝐹2 = (𝑓21 + 𝑓22∆ +
𝜋𝜃𝑧

180
𝑓23) (52) 

where; 

 ∆=
𝐼𝑑

𝐼𝑜𝑛

 (53) 

 

 𝐼𝑇 = 𝐼𝑏𝑅𝑏 + 𝐼𝑑(1 − 𝐹1) (
1 + cos 𝛽

2
) + 𝐼𝑑𝐹1

𝑎

𝑏
+ 𝐼𝑑𝐹2 sin 𝛽 (54) 
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3.2.4. Muneer Model 

This model derived by Muneer, T. [57] after he checked 5 different models which 

estimates solar radiation on a tilted surface, and he did this checking for 5 different 

locations from middle Europe. One of the models that he used was belong to him and 

after that he derived his own model to find final version of his model. Muneer [57] 

considers illuminated planes and shaded planes separately. Additionally, he divides 

illuminated planes according sky cloudiness. Equation (55) shows how to calculate 

diffuse radiation on a tilted plane according to Muneer model. This equation is for 

planes illuminated under a cloudy sky. This equation is more sophisticated than 

Muneer’s under cloudy sky model and only this equation will be checked [57]. 

 

𝐼𝑑𝑇
= 𝐼𝑑 [𝑐𝑜𝑠2 (

𝛽

2
)

+
2𝑏

𝜋(3 + 2𝑏)
(sin 𝛽 − 𝛽 cos 𝛽 − 𝜋𝑠𝑖𝑛2 (

𝛽

2
))] (1

− 𝐴𝑖) + 𝐼𝑑𝐴𝑖𝑅𝑏 

(55) 

Where; 

 
2𝑏

𝜋(3 + 2𝑏)
= 0.04 − 0.82𝐴𝑖 − 2.026𝐴𝑖

2 (56) 

3.2.5. Skartveit Olseth Model 

Skartveit Olseth model usually works better for overcast weather conditions because 

creating this model used measurements collected from Bergen, Norway [57]. Equation 

(57) shows how to calculate diffuse radiation on a tilted surface. Last term of this 

equation (𝑆) represents possible slashing which may block sunlight. However, this 

term is usually neglected because most of the solar station or solar data collection 

devices are placed to open terrains without any blocking item around [57].  
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 𝐼𝑑𝑇
= 𝐼𝑑 [𝐴𝑖𝑅𝑏 + 𝑍 cos 𝛽 + (1 − 𝐴𝑖 − 𝑍) (

1 + cos 𝛽

2
) − 𝑆] (57) 

where; 𝑆 will be neglected and 

 𝑍 = max (0,    0.03 − 2𝐴𝑖)                                                (58) 

3.2.6. Hay and Davies Model 

In this model diffuse solar radiation is divided into two portions by Hay and Davies; 

isotropic and circumsolar portions solar radiation [57]. Horizon brightening term is 

not considered in this model. 𝐴𝑖 term represents transmittance through atmosphere for 

DNI. Anisotropic portion of this model treats some portion of the DHI is circumsolar 

and rest of the DHI is assumed isotropic. Equation (59) shows how to estimate DHI 

on a tilted surface and Equation (60) shows how to estimate total solar irradiation 

which is incident on a tilted plane.  

 𝐼𝑑𝑇
= 𝐼𝑑 [𝐴𝑖𝑅𝑏 + (

1 + cos 𝛽

2
) (1 − 𝐴𝑖)]] (59) 

 𝐼𝑇 =  𝐼𝑏𝑛 ∙ cos 𝜃 +  𝐼𝑑 [𝐴𝑖𝑅𝑏 + (
1 + cos 𝛽

2
) (1 − 𝐴𝑖)]] (60) 

 

3.2.7. Reindl Model 

Reindl et al. [58] enhanced Hay and Davies [57] by adding horizon brightening term 

into their model. Reindl model accounts for isotropic diffuse, circumsolar radiation 

and horizon brightening while estimating solar radiation which is incident on a tilted 

plate. Equation (61) shows how to estimate DHI on a tilted plate and Equation (63) 

shows how to estimate total solar radiation which is incident on a plate. 

 𝐼𝑑𝑇
= 𝐼𝑑 [(1 − 𝐴𝑖) (

1 + cos 𝛽

2
) (1 + 𝑓𝑠𝑖𝑛3 (

𝛽

2
)) + 𝐴𝑖𝑅𝑏] (61) 

where; 
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 𝑓 = √
𝐼𝑏

𝐼
 (62) 

 

𝐼𝑇 =  𝐼𝑏𝑛 ∙ cos 𝜃 + 𝐼𝑑 [(1 − 𝐴𝑖) (
1 + cos 𝛽

2
) (1 + 𝑓𝑠𝑖𝑛3 (

𝛽

2
)) +]

+ 𝐼𝑑𝐴𝑖𝑅𝑏 

(63) 

 

3.2.8. Badescu’s Isotropic Model 

Badescu assumes solar radiation distributes evenly in the sky just like Liu and Jordan 

and in for his model he proposed a view factor to estimate diffuse solar radiation which 

is incident on a tilted plate. Equation (64) and equation (65) show how to estimate 

diffuse and total solar radiation which are incident on a tilted surface respectively [47]. 

 𝐼𝑑𝑇
= 𝐼𝑑 (

3 + cos 2𝛽

4
) (64) 

 𝐼𝑇 = 𝐼𝑏𝑅𝑏 + 𝐼𝑑 (
3 + cos 2𝛽

4
) (65) 

3.3. Energy Production from a PV Power Plant 
 

PV power plants converts solar energy to electricity and how much energy will be 

produced directly related with solar income. PV modules can not convert all the energy 

receives on them; they can only convert some of the solar income to electricity. Ratio 

between energy receives on a PV module and energy converted to electricity is called 

conversion efficiency. Energy production from a PV module depend on solar income, 

conversion efficiency of module and area of module. Efficiency is the most important 

factor for PV modules because as the efficiency of a module changes, amount of 

electrical energy production changes. Efficiency of modules depends on temperature 

of cells of module which is called cell temperature. When cell temperature exceeds 

reference cell temperature, efficiency of the modules decreases. Equation (66) shows 
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how to calculate cell temperature, Equation (67) shows how to calculate efficiency of 

a PV module, and Equations (68) and (69) show how to calculate energy production 

from a PV module and total energy production of a PV power plant respectively [59]. 

 
𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎𝑚𝑏 + (𝑁𝑂𝐶𝑇 − 𝑇𝑟𝑒𝑓)

𝐺𝑡𝑖𝑙𝑡𝑒𝑑

𝐺𝑟𝑒𝑓
 

(66) 

 𝜂 = 𝜂𝑟𝑒𝑓[1 − 𝛽(𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑠𝑡𝑐)] (67) 

 𝐸𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 ∙ 𝜂 ∙ 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑒 (68) 

 𝐸𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑡𝑜𝑡𝑎𝑙
= 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 ∙ 𝜂 ∙ 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑒

∙ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑒𝑠 

(69) 

where; 𝑇𝑐𝑒𝑙𝑙 is cell temperature, 𝑇𝑎𝑚𝑏 is ambient temperature, 𝑁𝑂𝐶𝑇 is nominal 

operating cell temperature, 𝑇𝑟𝑒𝑓 is reference temperature, 𝜂𝑟𝑒𝑓 is reference efficiency 

of module, 𝛽 is temperature coefficient and 𝑇𝑠𝑡𝑐 is test temperature. 𝑁𝑂𝐶𝑇, 𝑇𝑟𝑒𝑓, 𝐺𝑟𝑒𝑓, 

𝜂𝑟𝑒𝑓, 𝛽 and 𝑇𝑠𝑡𝑐 are module properties, these values will be shown is Section 3.4. for 

PV modules which are used in METU NCC PV power plant. 

3.4. Data Collection Process and Important Information of METU NCC Solar 

Power Plant 

To be able to calculate solar energy on tilted surfaces with different solar models, GHI, 

DNI and DHI readings were collected from METU NCC solar station. Figure 18 shows 

METU NCC solar station. This station was already available on the campus, and it 

was consisted of a Kipp & Zonen, SOLYS2 sun tracker, a Kipp & Zonen, CHP 1 

pyrheliometer and two Kipp & Zonen CMP-10 pyranometers. Data collected with 

these devices were recorded for 10 minutes interval with a Campbell Scientific, CR800 

data logger. Additionally, in another station in the campus ambient temperature was 

measured with a Kintech, Galtech KPC 1/5 thermometer with 10 minutes interval and 
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temperature readings again collected in the same data logger. These recorded data were 

transferred in Microsoft Excel to calculate the required results. This station was only 

able to measure DNI and GHI, because the station did not consist a shading ball. 

Shading ball blocks direct solar radiation (DNI) which is not received by pyranometer, 

thus, the pyranometer only measures DHI. To be able to measure DHI, a shading ball 

was added to this solar station. Shading ball system was manufactured in METU NCC 

machine shop from aluminum profiles according to original shading ball structure 

dimensions. Figure 19 and Figure 20 show the solar station with the manufactured 

shading ball assembly. As it is shown in the figures, shading ball blocks DNI and one 

of the pyranometer of solar station measures only DHI. 

 

Figure 18. METU NCC solar station without shading ball. 
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Figure 19. METU NCC solar station with manufactured shading ball. 

 

Figure 20. METU NCC solar station with manufactured shading ball. 

For this study, after shading ball structure manufactured, the station was able to collect 

GHI, DNI and DHI data. These data collected during November and December in 

2017. Actual intention for data collection period was at least one year but at the 

beginning of 2018 a storm hit the solar station and damaged the pyranometer which 
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measures DHI was broken. Because of this reason, the data collection period was 

limited with 2 months.  After shading ball structure completed, for the first two days 

in every two-hours solar station was checked physically to see whether pyranometer 

which measured DHI was under the shade due to the shading ball structure. 

Additionally, all of the GHI and DHI data which were collected with 10-minute 

intervals checked and none of the DHI readings was higher than GHI readings 

collected at the same time. Thanks to this double check, it is certain that shade of the 

added structure was always on pyranometer which measures DHI. 

Figure 21 shows aerial view of 1 MW solar power plant in METU NCC. This power 

plant consists of 4000 Axitec polycrystalline solar modules, each has a rated power of 

250 W. The energy production from a PV module is given in the previous section and 

requires properties, such as 𝑁𝑂𝐶𝑇 is 45 ℃, 𝑇𝑟𝑒𝑓 is 20 ℃ , 𝐺𝑟𝑒𝑓 is 800 𝑊 𝑚2⁄ , 𝜂𝑟𝑒𝑓 is 

%15.37, 𝛽 is 0.0044 and 𝑇𝑠𝑡𝑐 is 25 ℃ [60]. 

 

Figure 21. Aerial view of METU NCC solar power plant. 
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CHAPTER 4 – RESULTS AND DISCUSSION 

In Chapter 4, important results of this thesis study are presented. In Section 4.1, results 

for DHI estimation are shown. DHI is calculated with different models and methods 

to see which of these models give most accurate estimation for Cyprus. In Section 4.2, 

results for total solar radiation on a tilted surface estimation are shown. Different 

isotropic and anisotropic models which give accurate results from different locations 

on earth used to see which models give accurate results for Cyprus. In Section 4.3, 

energy production estimations for METU NCC power plant are shown and these 

results will be compared with actual energy production of the PV power plant at 

METU NCC. 

4.1. Results for DHI Estimation with Different Models 

According to literature review findings, most of the researchers estimated DHI values 

with clearness index (𝑘𝑡) and/or sunshine duration (𝑆). To be able to estimate DHI 

with the help of 𝑘𝑡 and 𝑆, some models were derived. These models approximate the 

ratio between DHI and GHI or the ratio between DHI and 𝐺𝑜. Before making any 

comparison between measured DHI and estimated DHI from these models, to clarify 

the relation between measured DHI at METU NCC solar station and clearness index 

for the campus for the same period, DHI/GHI vs. 𝑘𝑡 plot is investigated. Figure 22 

shows the comparison of DHI/GHI vs. 𝑘𝑡 using the measurement in November and 

December 2017. Equation of trend-line of this plot and 𝑅2 value are also shown. As a 

result, it can be said that trend-line equation of Figure 22 can be used to estimate DHI 

if GHI is known. Importance of this result is that measuring GHI is much easier, 

common and cheaper than measuring DHI. GHI measurement is available for most of 
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the location on earth, though DHI measurement is not. Thanks to Equation (70) DHI 

value can be calculated easily if GHI measurements exist. This graph is plotted for 

winter measurements and it works well for Cyprus weather conditions during winter. 

Figure 23 shows the relation between daily average 𝐷𝐻𝐼 𝐺𝑜⁄  and 𝑘𝑡. For this 

comparison extraterrestrial irradiation used and as expected accuracy of this 

comparison is lower than DHI/GHI comparison. 𝐺𝑜 is approximated using an equation 

and it is assumed constant for each location on earth per day. As the extraterrestrial 

irradiation does not account for atmospheric conditions, accuracy of DHI estimation 

decreases. Equation of trend-line and 𝑅2  value are shown in Figure 23 for DHI/𝐺𝑜. 

𝑅2  value for this comparison is 0.481 and Equation (71) shows trend-line DHI/𝐺𝑜 and 

𝑘𝑡. Chauvenet criterion applied for both these graphs data set to see if all of these 

readings are appropriate to use. All of the readings were in suitable limit and none of 

the readings were disregarded.  

 
𝐷𝐻𝐼

𝐺𝐻𝐼
= 9.0629𝑘𝑡

3 − 11.931𝑘𝑡
2 + 3.1494𝑘𝑡 + 0.7084 (70) 

 
𝐷𝐻𝐼

𝐺𝐻𝐼
= 2.8116𝑘𝑡

3 − 5.3485𝑘𝑡
2 + 2.7543𝑘𝑡 − 0.159 (71) 

 

Figure 22. DHI/GHI ratio vs. clearness index (kt) for November and December of 

2017. 
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Figure 23. DHI/𝐺𝑜 ratio vs. clearness index (kt) for November and December of 2017. 

Table 25, Table 26 and Table 27 show RMSE results between measured DHI and 

Bailek [8], Bakirci [22] and Ulgen [18] models respectively. Table 28 shows RMSE 

values for DHI values calculated with Equations (70) and (71). According to these four 

tables, minimum RMSE among 96 different DHI estimation models belongs to 

Bailek’s 7th model [8] and the second most accurate model is Bailek’s 23rd model [8]. 

Bailek’s 7th model use sunshine duration to estimate DHI from 𝐺𝑜; however, for this 

study there is not enough data to use sunshine duration to estimate DHI, so Bailek’s 

7th model is not considered. As a result, Bailek’s 23rd model is suggested an it will be 

used in further calculation steps. Bailek’s 7th and 23rd models are shown with equation 

(72) and equation (73) respectively. Figure 24 shows 𝐷𝐻𝐼 𝐺𝑂⁄ vs. 𝑘𝑡 in November-

December 2017 according to Bailek’s 23rd model. As it shown, 𝑅2 value is 0.93 which 

is higher than 𝑅2 of  Figure 22 and Figure 23. Additionally, 𝑅2 value of Bailek’s 23rd 

which is calculated with Cyprus’s winter condition is higher than 𝑅2 value of authors 

of Bailek (2018) got in Algeria weather conditions. As a conclusion Bailek’s 23rd 

model is the second most suitable model to estimate DHI in Cyprus winter conditions, 
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but this model will be used for further calculations instead of most suitable model 

which is Bailek’s 7th model.  

 
𝐷𝐻𝐼

𝐺0
= 0.555 − 0.447

𝑆

𝑆0
 (72) 

 
𝐷𝐻𝐼

𝐺0
= 0.417 − 0.109𝑒𝑘𝑡  (73) 

Table 25. RMSE values according to measured DHI and estimated DHI with Bailek 

(2018) models. 

Bailek 1 2097 Bailek 2 2888 Bailek 3 1029 Bailek 4 3394 

Bailek 5 2298 Bailek 6 4888 Bailek 7 422 Bailek 8 32621 

Bailek 9 14447 Bailek 10 1567 Bailek 11 740 Bailek 12 7265 

Bailek 13 1959 Bailek 14 83245 Bailek 15 15089 Bailek 16 2079 

Bailek 17 2123 Bailek 18 4863 Bailek 19 865 Bailek 20 22142 

Bailek 21 23292 Bailek 22 1249 Bailek 23 850 Bailek 24 11209 

Bailek 25 2992 Bailek 26 6669 Bailek 27 8305 Bailek 28 2579 

Bailek 29 3068 Bailek 30 1790 Bailek 31 3612 Bailek 32 16788 

Bailek 33 66300 Bailek 34 1703 Bailek 35 3362   

 

Table 26. RMSE values according to measured DHI and estimated DHI with Bakirci 

(2015) models. 

Bakirci 1 2367 Bakirci 2 2550 Bakirci 3 1488 

Bakirci 4 61504 Bakirci 5 1579 Bakirci 6 4950 

Bakirci 17 2988 Bakirci 8 2420 Bakirci 9 1367 

Bakirci 10 1238 Bakirci 11 2759 Bakirci 12 1340 

Bakirci 13 2649 Bakirci 14 2834 Bakirci 15 5369 

Bakirci 22 2194 Bakirci 23 2152 Bakirci 24 8116 

Bakirci 25 1344 Bakirci 26 2600 Bakirci 27 2535 

 

Table 27. RMSE values according to measured DHI and estimated DHI with Ulgen 

(2009) models. 

Ulgen 1 2367 Ulgen 2 3243 Ulgen 3 3053 Ulgen 4 2382 

Ulgen 5 3167 Ulgen 6 2117 Ulgen 7 951 Ulgen 8 1933 

Ulgen 9 2219 Ulgen 10 2250 Ulgen 11 7657 Ulgen 12 3279 

Ulgen 13 2550 Ulgen 14 1709 Ulgen 15 1932 Ulgen 16 2315 

Ulgen 17 29748 Ulgen 18 2969 Ulgen 19 2526 Ulgen 20 2579 

Ulgen 21 2785 Ulgen 22 2567 Ulgen 23 2332 Ulgen 24 927 

Ulgen 25 15438 Ulgen 26 1652 Ulgen 27 1973 Ulgen 28 1115 

Ulgen 29 1354 Ulgen 30 2653 Ulgen 31 1546 Ulgen 32 1603 

Ulgen 47 1700 Ulgen 48 1358 Ulgen 49 1580 Ulgen 50 1502 

Ulgen 51 1225 Ulgen 52 1307 Ulgen 53 1195 Ulgen 54 1140 
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Table 28. RMSE values of DHI calculated with trend-line equations of and Figure 22 

and  Figure 23. 

RMSE of Equation (70) RMSE of Equation (71) 

1655.0 2220.5 

 

 

Figure 24. DHI/GO comparison with clearness index (kt) according to Bailek's 23rd 

model for November and December of 2017. 

In addition, Figure 25 shows the differences between total daily measured GHI, 

measured DHI, DHI estimation with Bailek’s 23rd DHI estimation model and DHI 

estimation according to Equations (70) and (71) which are obtained as the trend lines 

in Figure 22 and Figure 23. According to Figure 25, it can be said that for the days 

which has minimum 2.5 kWh m2⁄  GHI in total, Bailek’s 23rd model and models which 

are shown with Equations (70), (71) overestimates DHI. For sunny days (𝐺𝐻𝐼 >

2.5 kWh m2⁄ ) estimated DHI values are higher than measured DHI value. On the 

contrary for most of the days which daily total GHI measurement is less than 

2.5 kWh m2⁄ , the same 3 models underestimate DHI value. For most of the days, the 

closest estimation to measured DHI belongs to Bailek’s 23rd model. This model also 

has the lowest RMSE value among all the DHI models used and derived equation 

results. It can be seen in Figure 25 if daily total GHI is lower than 2.5 kWh m2⁄ , the 

y = 0,3253e-0,724x

R² = 0,9319

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

D
H

I/
G

O

kt



59 
 

difference between measured and estimated DHI values is smaller. Estimated DHI 

values over or underestimating if the daily sum of GHI is higher or lower than 

2.5 kWh m2⁄ , and it should be explained that this threshold value is obtained according 

to observed data set. For sunny days, DHI component of total solar energy should 

decrease because there will be less amount of particle in the air to diffuse solar energy 

and during data collection for model creating, higher DHI values will have higher 

affect and these models will work better for cloudy or partly cloudy days. DHI 

estimation is important to calculate total solar energy on a tilted surface if DHI 

measurements are not available; however, for sunny days, effect of DHI is much less 

than DNI and GHI components and inaccuracies at DHI estimation will not be too 

effective on total solar radiation. When all the estimations and measurement results 

were compared, it is seen that for most of the days models overestimate DHI and 

overall difference between estimation and actual measurement between DHI is 7%. 

Also, for sunny days if daily sum of GHI is higher than 2.5 kWh/m2 models 

overestimate about 15%, and GHI is lower than 2.5 kWh/m2, the models 

underestimate about 9%. If Bailek’s model is used to estimate DHI, these differences 

can be considered to increase estimation accuracy. As a conclusion for this section, 96 

models were investigated to estimate DHI from GHI or 𝐺𝑜 and most accurate model 

to estimate DHI was Bailek’s 7th model and second most accurate model was Bailek’s 

23rd model. While calculating total solar energy on a tilted surface, Bailek’s 23rd model 

will be used, not Bailek’s 7th model as above mentioned. 
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Figure 25. Daily sum of measured GHI, measured DHI and DHI values estimated 

according to Bailek 23 model and derived equations according to collected data from 

METU NCC solar station. 
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4.2. Estimation Results of Total Solar Radiation Which is Incident on a Tilted 

Plate 

Aim of this sectin is to determine accuracies of these models for Cyprus’ weather 

conditions and suggest a model which is suitable to estimate total solar energy which 

is incident on a tilted plate with a high accuracy. Total solar radiation which is incident 

on a tilted plate is estimated with 8 different models for weather conditions in Cyprus. 

To estimate the total tilted solar radiation, DNI and DHI components of solar radiation 

are required. For this study DNI and GHI and DHI measurements exist, and in 

addition, DHI is estimated with 3 different ways; Bailek’s 23rd model  and models 

created with Equations (70) and (71). Total solar radiation estimations calculated for 

8 different models and for each model there are 4 results exist as 4 different DHI data 

sets exist. For the first method, measured DHI values will be used. For second method, 

DHI estimation with Bailek’s 23rd model will be used. For third and fourth method 

DHI calculated according to trendline of Figure 22 and Figure 23 will be used. 

There are lots of different models and approaches to estimate total solar radiation 

which is incident on a tilted surface, in this study 2 isotropic models and 6 anisotropic 

models’ results will be compared with solar radiation mesaurement collected in METU 

NCC with a 30° tilt angle. Isotropic models considered in this study belong to Liu-

Jordan [56] and Badescu [47], whereas investigated anisotropic models are Perez [5], 

Muneer [44], Skartveit-Olseth [57], Hay-Davies [57], Reindll [58], and HDKR . These 

models were explained in section 3.2. There will be 32 results for 8 different models 

in total. 

To be able to see accuacies of these models, %RMSE values are calculated. Table 29 

shows %RMSE results for all hours icluded but Table 30 shows %RMSE results for 
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without the hours that include sun rise and sun set times. During sun set and sun rise 

periods, even if there is not DNI or GHI, DHI exists and creates problems during 

estimation, which is mainly due o the approximation of the sun’s position based on 

mid-hour or end hour considerations in hourly values.. As it is shown in these tables, 

%RMSE of total solar radiation calculated with DHImeasured does not change whether 

sunrise and sunset hours are included or not but for other DHI methods excluding 

sunrise and sunset hours decrease %RMSE values.  

%RMSE values for each of these 8 models are very close to each other except Muneer 

model which gives higher %RMSE than others. When sunrise and sunset hours are 

included to daily total of solar radiation on a tilted surface, %RMSE results are around 

18% and when sunset and sunrise hours are not included to daily total of solar radiation 

on a tilted surface, %RMSE results are around 17% if 𝐷𝐻𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is used in the 

estimation calculations. If DHI measurements are available along with DNI and GHI 

measurements, except Muneer model all of these 7 models give almost the same 

estimation result at winter conditions in Cyprus. Some of these models are much more 

complex than other however they give almost the same results. For the future studies 

simpler models like Liu and Jordan’s isotropic model [56] or Badescu’s isotropic 

model [47] can be used instead of Perez estimation model [5] which is one of the most 

sophisticated and complex estimation model.  

  



63 
 

Table 29. %RMSE results for 8 different models for 4 different DHI includes sun rise 

and sun set hours. 

 Type of DHI used 

Models DHImeasured DHI via Bailek 

23rd 
DHI via Eqn. (70) DHI via Eqn. 

(71) 

Liu-Jordan 18% 70% 94% 77% 

Badescu 18% 72% 93% 78% 

Perez 18% 67% 1374% 71% 

Muneer 34% 80% 101% 83% 

Skartveit-Olseth 18% 71% 95% 78% 

Hay and Davies 18% 71% 95% 78% 

Reindl 19% 69% 93% 76% 

HDKR 19% 69% 98% 76% 

 

Table 30. %RMSE results for 8 different models for 4 different DHI without sun rise 

and sun set hours. 

 Type of DHI used 

Models DHImeasured DHI via Bailek 

23rd 

DHI via Eqn. 

(70) 

DHI via Eqn. 

(71) 

Liu-Jordan 17% 68% 72% 74% 

Badescu 17% 69% 73% 76% 

Perez 17% 65% 68% 68% 

Muneer 32% 76% 77% 79% 

Skartveit-

Olseth 

17% 68% 72% 75% 

Hay and Davies 17% 68% 72% 75% 

Reindl 18% 66% 70% 73% 

HDKR 18% 66% 70% 73% 

 

Figure 26 shows daily totals of measured tilted radiation and estimation model results 

which are calculated with measured DHI. According to the results in the figure, it can 

be seen most of the models gave close results with the measurements. Muneer model’s 

results are overestimated if daily total tilted radiation measurement is higher than 

5 𝑘𝑊ℎ/𝑚2 and underestimated if daily total of tilted radiation is lower than 

4 𝑘𝑊ℎ/𝑚2. Muneer model [57] give very close results if daily total of tilted radiaiton 

is between 4 − 5 𝑘𝑊ℎ/𝑚2 like other models. For this thesis, lots of different models’ 

estimation results were compared with measurement and almost all of the models gave 

the same estimation results in daily total base. Some of this models are very complex 
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and requires lots of calculation steps and data input; however, these complex models 

give same estimation amount with the simpler models. As a conclusion for this section 

Liu-Jordan’s [56] and Badescu’s [47] isotropic models can be used to estimate total 

solar energy on a a tilted surface with the same accuracy of the most complex models. 

 

 

Figure 26. Daily total radiation amounts for estimation models and measured tilted 

radiation.
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4.3. Energy Production Comparison for 1 MW Solar Power Plant in METU 

NCC 

In this section, amount of energy produced from METU NCC PV power plant is 

compared with energy should be produced according to estimated tilted radiation 

amount. Energy produced from a PV module is directly related with efficiency of this 

module. Efficiency of PV modules changes as the cell temperature of PV modules 

changes. Energy prodction is calculated with 3 different ways; (i) using the measured 

solar irradiation incident on a 30° tilted pyranometer, (ii) using the estimated solar 

radiation via Bailek’s 23rd model [8], and (iii) using the estimated solar irradiation 

using the eight different models presented in Section 4.2. First of all, energy 

production of METU NCC solar power plant is calculated with estimation models of 

total solar energy on a tilted surface. Total solar energy which is incident on a tilted 

plate was calculated with 8 different models and 𝑇𝑐𝑒𝑙𝑙 and 𝜂𝑃𝑉 is calculated for each 

hour for 8 models’ results. These calculation steps are repeated for total solar energy 

on a tilted surface which is calculated with Bailek’s 23rd model [3]. Also energy 

production amount is calculated according to solar energy measured from 30° tilted 

pyranometer (𝐺𝑡𝑖𝑙𝑡𝑒𝑑) after 𝑇𝑐𝑒𝑙𝑙 and 𝜂𝑃𝑉 values are calculated. All the results are 

compared with measured energy production and %RMSE value calculated for each 

model. 

Table 31 shows %RMSE values for energy production calculated with three different 

ways. %RMSE values calculated with measured DHI values are lower than %RMSE 

values calculated with Bailek’s 23rd DHI estimation model. Last coloumn of Table 31 

shows %RMSE result of energy production calculated with 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 measurement 

collected from a pyranometer tilted 30° in METU NCC solar power plant. %RMSE 

for this method is 20.34 and models which give a better or very close to this value can 
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be accepted as accurate models to estimate energy production. Except Perez [5] and 

Muneer models [57], models give lower %RMSE values than %RMSE value which is 

showed in Table 31 if 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 value is calculated with measured DHI however DHI 

measurement is not available in most of the places on earth. Badescu model [47] gives 

the lowest %RMSE value for energy production if DHI value is estimated with 

Bailek’s 23rd [8] model. Badescu model [47] is an isotropic model and it is one of the 

simplest model to estimate total solar energy which is incident on a tilted plate. 

However, Badescu model [47] shows better accuracy than other models to estimate 

energy production from a solar power plant. Skartveit [57] and Hay and Davies [57] 

models also give close results to Badescu model [47], but because of simplicity and 

better accuracy, Badescu model is suggested rather than other 7 models for winter 

conditions in Cyprus.  

Table 31. %RMSE results of energy production from METU NCC solar power plant 

which are calculated with measured DHI, DHI via Bailek’s 23rd model [8] and 

measured 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 

Models used to 

calculate 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 

%RMSE 

DHI measured DHI via Bailek 

23rd 

Measured 

𝐺𝑡𝑖𝑙𝑡𝑒𝑑 

Liu and Jordan 20.25% 23.73%  

 

 

20.34% 

Perez 22.43% 25.75% 

Muneer 21.23% 29.85% 

Skartveit 19.52% 22.87% 

Hay and Davies 19.52% 22.88% 

Reindl 20.39% 23.23% 

HDKR 20.45% 23.81% 

Badescu 18.98% 22.31% 

 

Figure 27 shows daily total energy production amounts for measured energy 

production and estimation energy production with 8 models. For each day, estiamated 

energy production amounts are higher than measured energy production. If there will 

be future investment in METU NCC in energy production from PV power plant and 
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DHI measurement will be used to to energy production estimation, it should be 

considered that estimated amount of production will be higher than actual production 

for all sky conditions (overcast, cloudy and clear). Additionally, Figure 28 shows daily 

total energy production amounts for measured energy production and estimated energy 

production which is calculated with 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 calculated with DHI estimated according 

to Bailek’s 23rd model [8]. Acording to the results shown in this figure, estiamted 

energy production is usually higher than real production amount. For example, daily 

summation of  GHI is lower than  8 𝑘𝑊ℎ/𝑚2 for days 5, 13, 26, 29, 30 and 38 and 

estimated energy amount for 8 models’  𝐺𝑡𝑖𝑙𝑡𝑒𝑑 is higher than measured production in 

these days. Similar to that,  models overestimated the energy production for days 7, 8, 

9, 10, 14, 15, 16, 32 and 33 when daily summation of  GHI is higher than  16 𝑘𝑊ℎ/𝑚2.  

Energy prodution  is overestimated  when  𝐺𝑡𝑖𝑙𝑡𝑒𝑑 is calculated with DHI estimation 

of Bailek’s 23rd model [8] for overcast  and clear sky conditions. However,  models 

give close results measured to actual energy production result for partly cloudy  days.  

For the days which has  8 − 11 𝑘𝑊ℎ/𝑚2 of daily total GHI is observed, estimated 

energy production and  actual energy production results are close. One possible reason 

of getting more accurate results during partly cloudy day is that effect of diffuse 

fraction is mediocre when compared to cloudy and clear days in which effect of diffuse 

is too much or too less. Thus, this effect drops the accuracy of models during cloudy 

or clear days.  

For estimated energy production with each method, ineffiencies in inverters and losses 

at cables were not considered, when they considered %RMSE values are expected to 

decrease more and accuracies of these models will increase.
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Figure 27. Daily total energy production comparison for different days with 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 

calculated with measured DHI. 
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Figure 28. Daily total energy production comparison for different days with 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 

calculated with Bailek’s 23rd DHI model.
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One of the possible outcome of this thesis is to see how accuracy changes while 

estimating energy production from estimated total radiation on a tilted PV module. To 

see that, %RMSE values are calculated between measured energy production and 

energy production estimation according to estimated total radiation on a tilted PV 

module. Table 32 shows %RMSE values in two coloumns. First coloumn shows 

%RMSE values which are calculated between energy production estimation calculated 

with measured 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 and energy production estimation with 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 calculated with 

DHImeasured. Second coloumn shows %RMSE values which are calculated between 

energy production estimation with measured 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 and energy production estimation 

with 𝐺𝑡𝑖𝑙𝑡𝑒𝑑 calculated using DHI estimated with Bailek’s 23rd model [13]. Table 29  

and Table 30 show %RMSE values between total irradiation measurement from a 30° 

tilted pyranometer and estimations for same measurement with different models.  

%RMSE values in Table 32 are much lower than %RMSE showed in Table 29 and 

Table 30. This comparision shows that even if there is a difference between estimated 

radiation which is incident on a tilted plate and total radiation measurement from a 

tilted surface, these difference gets smaller when these values are used for energy 

production estimation. Total radiation which is incident on a tilted plate changes 

efficiency of PV modules. Losses on cables and on other devices which are placed in 

a solar power plant systems cause energy loss but these losses did not include to 

calculations in this study. According to Table 32 if DHI measurements from a 

horizontal surface are available, Liu and Jordan’s isotropic model [56] gives the most 

accurate result while calculating energy production. If DHI measurements are not 

available it should be estimated with Bailek’s 23rd model because it gives the most 

accurate result among the models which are compared in this study. After DHI 

estimation is completed, Reindl [58] or Badescu [8] models can be used to get most 
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accurate energy production estimation. Badescu model is one of the simplest model to 

estimated total radiation which is incident on a tilted plate, however this model usually 

gives the most accurate results for winter weather conditions in Cyprus.  

Table 32. %RMSE between energy production estimation from Gtilted which is 

calculated with measured DHI and with Bailek’s 23rd model [8] and measured energy 

production. 

Model Type of DHI used 

Measured DHI DHI via Bailek 23rd 

Liu-Jordan 0.97% 7.87% 

Badescu 1.81% 7.52% 

Perez 2.4% 8.31% 

Muneer 6.63% 15.1% 

Skartveit-Olseth 1.28% 7.66% 

Hay and Davies 1.28% 7.66% 

Reindl 1.76% 7.44% 

HDKR 1.79% 8.22% 

 

As a conclusion for this section, Bailek’s 23rd model [13] is the most accurate model 

to estimate DHI and Liu and Jordan [56] and Badescu [47] isotropic models give very 

accurate and close results to each other. One of these two models can be used to 

estimate total solar radiation which is incident on a tilted plate for winter weather 

conditions in Cyprus. After these estimations are done, energy production estimation 

from a PV solar power plant can be completed succesfully.  
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CHAPTER 5 – CONCLUSIONS 

Solar energy is a clean and reliable source to satisfy some portion of the total energy 

demand of the World but energy production and solar income should be determined in 

advance to maintain energy stability. To maintain this stability estimating energy 

producting with a high accuracy is a must. For this study, the main point of interest is 

estimation of the energy production of PV solar power plants. PV modules produce 

electrical energy after some chemical reactions but to do that they need solar energy. 

Amount of total radiation which is incident on a plate directly affect energy 

production. To be able to estimate energy production, solar radiation which is incident 

on plate should be known. Solar radiation on a plate has three components; Direct 

normal irradiation, global irradiation and diffuse irradiaiton. Global radiation 

measurement is usually available from different locations on earth but direct and 

diffuse component usually are not available. To fiil this gap, it has been tried to find 

most accurate estimation way for Cyprus weather conditions. Thanks to this 

experimental setup, METU NCC solar station collects GHI, DNI and DHI readings. 

In addition to this setup, METU NCC has a 1 MW solar power plant which has 4000 

250W PV modules in it. PV modules in this power plant has a constant tilt angle which 

is 30° and looking directly thorugh south in this power plant there is a pyranometer 

placed with 30° and this pyranometer measures total solar radiation which incident on 

these PV modules. These measurements are not available for most of the locations on 

earth and to be able to estimate solar radiation which is incident on horizontal or tilted 

plate there are models which estimates DHI and total radiation on a tilted surface. 
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There are lots of different models to estimate diffuse component of solar radiation on 

a horizontal plate. Models in the literature has been searched and most appliacable 

models for Cyprus has been determined. These models use clearness index or sun shine 

duration to find the ratio between diffuse component of solar irradiation and global 

horizontal irradiation or the ratio between diffuse component of solar irradiation and 

extraterrestrial irradation. Estimated DHI values were compared with DHI 

measurement collected from METU NCC solar station. %RMSE values were 

calculated for this models and most accurate model to estimate DHI was Bailek’s 23rd 

model for Cyprus winter weather condition. In addition to literature research to 

determine models can be applied for Cyprus weather conditions to estiamte DHI, with 

collected DHI measurements from METU NCC solar station, two different models 

have been established. These two models created with 38 days data. %RMSE values 

of these two models were around 70% which is considereded inaccurate. These models 

created with 38 days measurement this time period is not enough to establih an 

accurate model we could not do it. Expectation was to collect than more than 1.5 year 

DHI data from this solar station however, the solar station was damaged in a storm 

and pyranometer which measures DHI was out of order. If there was a longer period 

of to measure DHI, created model would be much more accurate than present accuracy 

which is around 70%. 

For the second part of this thesis, models to estimate total solar irradiation which is 

incident on a tilted plate were checked. There are lots of models to estimate total solar 

radiation on a tilted plate however some of this model are not very accurate for Cyprus 

weather conditions. Lots of models from literature have been found and accuracy of 

this models for Cyprus has been determined. After the required literature research have 

been completed, it is decided to use Liu and Jordan, Badescu, Perez, Skartveit and 
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Olseth, Muneer, Hay and Davies, Reindl and HDKR model because these models are 

reliable, used by lots of researcher for different locations and gave accurate results. 

Some of this models are very complex compare to others. %RMSE values for these 

models have been calculated and it is observed that for some days simpliest model 

gave more accurate results than most complicated model which is Perez model. 

%RMSE for Liu and Jordan model and Badescu were 17% and for Perez model it was 

slightly higher than 17.1%. While calculating tilted irradiation for Cyprus winter 

weather conditions isotropic models Liu-Jordan and Badescu gave more accurate 

results than other models and these isotropic models are very easy to calculate, reliable, 

easy to follow. In future, these isotropic models can be used to estimate total radiation 

which is incident on a tilted plate. 

For the last part of this thesis study energy production from a solar power plant is 

checked. Hourly energy production of METU NCC solar power plant is known and 

these measured production was compared with estimated energy production. 

Estimated energy production values were calculated for 8 different models’ total solar 

energy which is incident on a tilted surface. According to this comparision just like 

total solar radiation estimation model results, simpler isotropic models are sightly 

more accurate than sophisticated anisotropic models. Without considering cables 

losses, inverter losses and other losses, most accurate model to estimate energy 

production of a solar power plan in Cyprus during winter time is Badescu model. 

%RMSE value for this model was around 18% and if we considered mentioned losses, 

%RMSE for Badescu model should be decreased because real production consider 

inclued all of the losses but these losses were not considered while calculating 

theoretical/estimated production amount and result of estimated energy amount was 

higher than what it should be. If all of these losses should considere %RMSE for all 
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of these models might decrease at least 5 points. According results all of the models 

overestimates energy production this result supports than if losses would considered, 

energy production estimations would be more accurate and for example badescu 

model’s %RMSE value might be 13% or less. As mentioned earlier METU NCC solar 

station has a tilted pyranometer and energy production amount is calculated for these 

measurement and compared with estimated production amount which are calcualted 

according to the 8 models’ total titled radaition estimation. %RMSE difference 

between tilted irradaiation measurement and models’ estimation was changing 

between 17% and 32% however, %RMSE for energy production estimation with tilted 

measurement and estimated total tilted irradiaition amount were around 1-2%. This 

shows that accuracy of tilted radiation estimation and accuracy of energy production 

estimation differs from each other. %RMSE difference between most accurate and 

least accurate model was around 7% and if do not consider Muneer model which is 

the least accurate model, difference is less than 1% for most accurate and least accurate 

models. It can be concluded that to estimate energy production importance of models 

which estimates total irradiation on a tilted plate is getting smaller. 

For the future, it can be suggested that with more DHI data collection, a better model 

to estimate DHI for Cyprus can be created. This created model can be used for 

Southern Turkey, North Africa, West of Middle East. These areas are rich by solar 

income and with accurate estimations more reliable and more economic power plants 

and grid can be built. Moreover, collecting data for a longer period can be suggested. 

With a longer data collection period estimation accuracy would be higher or created 

model to estimate DHI would give more accurate estimation results for Cyprus. 

Additionally, another suggestion for the future is that using another software to obtain 

curve fitting lines and equations of them. In this study, Microsoft Excel is used to do 
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curve fitting; however, Matlab software has more advanced tools to check these data, 

with that software more advanced equation and more accurate estimations can be 

obtained. 
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APPENDIX 

Appendix A: 𝑅̅𝑏 values which was used for calculation of monthly average radiation 

on a tilted surface [55]. 

 

 


