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Abstract: The availability of hourly and daily data of solar radiation represents an essential condition for the 
design and development of solar energy conversion systems. The most solar radiation data registered in 
common weather stations are global irradiance data on the horizontal plane. Nevertheless, the components of 
the global irradiance, i.e. direct and diffuse irradiance, are required for many purposes and they are often not 
immediately available requiring to be estimated. Aim of this paper is to present a parametric model to assess 
the components of solar radiation for European Union mainland analysing the solar radiation data available 
in the World Radiation Data Centre (WRDC) collected from 44 weather stations of 11 European countries. A 
correlation analysis among the solar radiation components has been conducted considering different 
regression functions and the best fitting one was determined by means of different statistical indices as key 
performance factors. The developed model allows predicting the diffuse and direct irradiance profiles for a 
generic European site, considering its climate conditions.  
Finally, this paper presents an application of the proposed approach, in particular the multi-location model 
has been applied to determine the solar radiation components on a tilted surface in the city of Bologna (Italy).  
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1. Introduction  
The knowledge of the local solar radiation is essential for 
the proper design of building energy systems, solar energy 
systems and a good evaluation of thermal environment 
within buildings.  
The most solar radiation data registered in weather 
stations are global irradiance data on the horizontal plane. 
Nevertheless, the components of the global irradiance, i.e. 
direct and diffuse irradiance, are required for many 
purposes. Furthermore, both components are needed for 
estimating the global irradiance on a tilted plane, and the 
diffuse irradiance is an input information required for 
many radiance angular distribution models but 
unfortunately it is not frequently measured. For these 
reasons, if only global irradiance is available, two problem 
exists: first, determining the fraction of the global which is 
diffuse or direct; second, estimating the respective direct, 
diffuse and reflected components on a tilted surface of 
any orientation. This work assesses the first of the 
previous two problems.  
In the traditional approach, the predicting models have a 
lack of applicability: they are suited and valid in the 
particular geographic region where solar radiation data 
have been collected. This is due to the way of 
computation of the parameters of the model that are 
determined on the basis of weather information of that 
region.  
On the contrary, this paper presents a general model 
developed to be applicable in the whole European Union 

(EU): a very large solar radiation data set has been 
considered including up to 44 EU sites (data from the 
World Radiation Data Centre (WRDC) from years 2004 
to 2007) and a multi-location predicting model has been 
defined. Aim of this work is to provide the designers of 
solar energy plants with a simple and quick tool to 
quantify the solar radiation amount on a tilted surface.  
In the following section, a literature review is presented 
while in section 3 the solar radiation data set is explained. 
In section 4, a detailed description of the proposed model 
is reported and in section 5 a discussion of the obtained 
results is done. Section 6 shows an application of the 
proposed model and the conclusions together with 
suggestions for future research end this work in section 7. 

2. Literature review  
Regarding the estimation of global irradiance components, 
considerable work has been done since the pioneer 
proposal by Liu and Jordan (Liu and Jordan, 1960) was 
published. From 1960s several different approaches have 
been presented and discussed, identifying essentially two 
categories of solar radiation models (Ahmad and Tiwari, 
2011): 

− Parametric models: they require information about 
meteorological parameters such as amount of clouds, 
fractional sunshine, atmospheric turbidity; 



− Decomposition models: they are correlation models 
between the required solar radiation components and 
other solar radiation available data. 

The more applied parametric model is the ASHRAE 
algorithm (ASHRAE, 2011) developed in 1980s while in 
the last three decades several other approaches have been 
presented (Machler and Iqbal, 1985, Parishwad et al., 
1997, Perez et al., 1990, Kasten and Young AT, 1989, 
Hottel and Whiller A., 1958, Singh and Tiwari GN., 2005, 
Ahmad and Tiwari, 2008). 
About decomposition models many publications are 
centred on determining the diffuse irradiance by means of 
correlations. A detailed review is included in (Ahmad and 
Tiwari, 2011): the most part of work relates the diffuse 
fraction with the clearness index (see the definition in 
section 4)  considering polynomials of different orders. 
The milestone is the work of Liu and Jordan who first 
propose the correlation between the diffuse fraction and 
the clearness index in 1960. Starting for their work, many 
authors proposed several similar approaches (Jiang, Y., 
2009, Trabea, 1999, Chendo and  Maduekwe, 1994, Lam 
and Li, 1996, Jacovides et al., 2006, Oliveira et al., 2002, 
Torres et al., 2010) presenting and validating their models. 
In this context, the present work can be classified among 
the correlation models. In particular, the proposed model 
can be defined  as multi-location because it considers several 
geographical sites as solar database, correlating and 
condensing data from 11 EU countries with 44 weather 
stations, in a unique analytical model. 

3. Radiation data set  
The data set adopted in this paper is composed by the 
average daily global solar radiation on a horizontal surface 

� and its diffuse fraction �� measured between 2004 and 
2007 in 44 European sites. These data are collected by the 
World Radiation Data Centre (WRDC). In Figure 1 the 
dots indicate these locations.  
 

Figure 1. Map of the 44 considered sites. The three check sites 
are highlighted. 

 
Three locations (in bold in Table 1 and with blue large 
dots in Figure 1), are used to check the performances of 
the obtained models. These sites are called check sites in the 

next paragraphs. Consequently, this multi-location 
approach has been developed considering data from only 
41 of the 44 locations. 
The next Table 1 presents the list of the considered sites 
together with their geographical coordinates (negative 
values refer to west longitudes).  
 

Location Country 
Latitude 
[degrees] 

Longitude 
[degrees] 

Wien/Hohe warte Austria 48.25 16.35 
Sonnblick Austria 47.05 12.95 
Uccle Belgium 50.80 4.35 
Tartu/toravere Estonia 58.25 26.47 
Hamburg Germany 53.97 10.00 
Braunschweig Germany 52.30 10.45 
Lindenberg Germany 52.22 14.12 
Dresden/klotzsche Germany 51.13 13.75 
Wuerzburg Germany 49.77 9.97 
Trier Germany 49.75 6.67 
Weihenstephan Germany 48.40 11.70 
Malin head C. Ireland 55.37 -7.33 
Belmullet Ireland 54.23 -10.00 
Clones Ireland 54.18 -7.23 
Dublin Ireland 53.43 -6.25 
Birr Ireland 53.08 -7.88 
Kilkenny Ireland 52.67 -7.27 
Valentia obs Ireland 51.93 -10.25 
Kishinev Moldova 47.00 28.82 
Kolobrzeg Poland 54.18 15.58 
Warszawa Poland 52.28 20.97 
Zakopane Poland 49.30 19.95 
Moscow Russia 55.75 37.57 
Santander Spain 43.47 -3.82 
La coruna Spain 43.37 -8.42 
Oviedo Spain 43.35 -5.87 
San sebastian Spain 43.30 -2.05 
Zaragoza Spain 41.67 -1.07 
Valladolid Spain 41.65 -4.77 
Salamanca Spain 40.95 -5.92 
Madrid Spain 40.45 -3.72 
Valencia Spain 39.48 -0.38 
Ciudad real Spain 38.98 -3.92 
Badajoz Spain 38.88 -7.02 
Murcia Spain 38.00 -1.17 
Granada/armilla Spain 37.13 -3.63 
Karlstad Sweden 59.37 13.47 
Stockholm Sweden 59.35 18.07 
Norrkoping Sweden 58.58 16.25 
Goteborg Sweden 57.70 12.00 
Visbyaerolog. Stn Sweden 57.67 18.35 
Vaxjo/Kronoberg Sweden 56.93 14.73 
Lund Sweden 55.72 13.22 
Camborne UK 50.22 -5.32 

Table 1. List of the considered locations. 

The average daily global solar radiation data, �, together 

with the diffuse fraction, �� , allow to calculate the diffuse 

fraction �, defined as: 

 � = ��
�       (1) 

and included in [0,1]. This value is correlated to one or 
more climate parameters due to analytic regression 
models. The next section presents the description of the 
adopted parameter together with the considered 
correlation functions.  
 



4. Multi-location model development  
The proposed multi-location approach correlates the 

diffuse fraction of the solar radiation, �, to the clearness 

index � , i.e. a well known and frequently adopted 
climatologic parameter representing the scattering and 
absorption effects caused by the presence of atmosphere. 
This parameter is defined in accordance with the 
following equation: 

 � = �
��     (2) 

where � and �� are respectively the average daily 

terrestrial and extraterrestrial radiation. The range of � is 

[0,1] similarly to the diffuse fraction. While � can be 

directly measured using common pyranometers, �� has to 
be assessed by means of mathematical models because its 

direct measurement is quite inapplicable. �� can be 
calculated as the mean of the total radiation that reach the 

atmosphere for each day � of the year. Equation (3) 

presents the analytical expression of ��. 

          �� = ��
� �����cos � cos � sin ℎ� + ℎ�sin � sin �#(3) 

where ���  is the solar constant equals to 1366.1 W/m2, � 

is the latitude of the considered location and � is the 
eccentricity correction factor of the Earth’s orbit equals 
to: 

 � = 1 + 0.033 cos &���'()#
)*+ ,  (4) 

 

and the solar declination, �, is defined as 

 � = 23.45 �
01� sin &����1�2'#

)*+ ,   (5) 

 

The last parameter, ℎ�, is the sunrise hour angle quantified 
in accordance with (6), as: 

 cos ℎ� = − tan � tan �   (6) 
 

4.1 Adopted correlation functions  
This study considers and compares different analytical 

expressions, correlating the diffuse fraction � to the 

clearness index � . In particular, three polynomial 
functions of ascending degree and the well known logistic 
function have been considered. Their mathematical 
expressions are reported in equations (7-10). 

 �6 = 7 + 8� + 9��     (7) 

 �6 = 7 + 8� + 9�� + :�)    (8) 

 �6 = 7 + 8� + 9�� + :�) + ;��  (9) 

 �6 = 7/�1 + 8exp�@A#                (10) 

The symbol �6  indicates an expected value of the diffuse 

fraction while � represents the experimental value. The 

parameters �7, 8, 9, :, ;# are calculated minimizing the 
sum of the squared errors between the measured and the 
predicted values applying the least squares statistic 
method. 

4.2 KPIs for models accuracy analysis  
The accuracy of the abovementioned correlation 
equations was evaluated by means of some the most 

widely used statistical indices. Considering a set of B 
couples of values of the predicted and measured diffuse 

fraction (�6, �)i , the error gap between each couple of 
values can be defined as: 

 :C = �6C − �C                 (11) 
 

with D = 1, 2 … , B. 
The following statistical indices have been adopted. (high) 
and (low) labels refer to the expected values for best  
performing the correlation between the model and the 
data set. 

− Mean absolute error (MAE) – (low) 

 FGH = 0
' ∑ |:C|'CK0                    (12) 

 

− Mean absolute percentage error (MAPE) – (low) 

 FGLH = 0
' ∑ M�N

ON
M'CK0                (13) 

 

−  Root mean squared error (RMSE) – (low) 

 PFQH = R0
' ∑ :C�'CK0                       (14) 

 

− Regression coefficient (R2) – (high) 

 P� = 1 − ∑ �NSTNUV
∑ �ON(OW#STNUV

               (15) 

 
where 

  �W = 0
' ∑ �C'CK0                  (16) 

 

− t-statistics (tstat) (Stone, 1993) – (low) 

 X�YZY = R �[(0#\]^S
_\`^S(\]^S               (17) 

 
where the mean bias error (MBE) is defined as  

 FaH = 0
' ∑ :C'CK0                 (18) 

 
4.3 Quality control procedure  
The accuracy of the correlation models is heavily affected 
by the quality of the raw data used to develop them. 
Frequently the solar radiation data set presents 
inconsistencies due to systematic and casual bias caused 
both by problems in the equipments or faults in the 
measurement procedures (Younes et al., 2005, Claywell et 
al., 2005, Geiger et al., 2002). The literature suggests to 
implement a quality control procedure in order to filter 
the raw data identifying the so-called outliers, i.e. atypical 
data incorporating inconsistencies or abnormalities that 
need to be inquired or excluded from the analysis (Muneer 
and Munawwar, 2006). Different filtering strategies can be 
adopted to identify the outliers. In this paper the 
identification of outliers using standard deviation 
procedure is adopted (Claywell et al., 2005). Essentially, 
the data are divided into 10 equal bands of the clearness 
index ranging then from 0.0 to 1.0. Any data falling 

outside this range is excluded. Similarly, the � values are 
ranged from 0.0 to 1.0 and all values falling outside that 

range are excluded. Furthermore, for each band, 8, the 

mean value �Wb of the diffuse fraction and the standard 

deviation cb are calculated. Finally, the so-called envelope of 
acceptance is defined (Claywell et al., 2005). The envelope 
is limited by a lower and an upper curve. The lower curve 

defg��# is obtained interpolating with a second degree 

polynomial function the ten couples of values ��hb , �Wb −



2cb# where �hb is the median value of each band 8. 

Similarly, the upper curve dij��# is obtained calculating 

the second degree best-fit curve for the ten couples 

��hb , �Wb + 2cb#. All the data outside the defined 
envelope of acceptance are considered outliers and 
excluded from the analysis. The following equation (19) 

expresses the condition of acceptance for the DY couple 

of values ��C , �C#:   
 

 defg��C# ≤ �C ≤ dij��C#              (19) 

5. Results and discussion 
The multi-location models considering the 41 European 
locations and the four correlation functions have been 
obtained for each of the four years from 2004 to 2007. 
The following procedure is applied thanks to a 
customized MatLab® interface: 

1. Load of the raw data set; 
2. Appliance of the quality control procedure and 

data filtering; 
3. Correlation analysis and regression functions 

calculation; 
4. Accuracy analysis adopting the proposed KPIs. 

An example, considering the data set for the year 2007, is 
presented. Figure 2 shows the graph with a dot for each 

couple of values ��C , �C# together with the so-called 
envelope of acceptance.  

 
Figure 2. Quality control procedure for year 2007. 

 
The blue dots, inside the limit curves, represent the set of 
data that verify equation (19) while the red ones are the 
outliers and will be excluded from the analysis. The next 
Figure 3 illustrates the results at the end of step 3. In 
particular, the third degree polynomial model, presented 
in equation (8), is considered. Table 2 presents the values 
of the coefficients of the adopted models presented in 
equations (7-10). 

 

 
poly. 2 
Eq (7) 

poly. 3 
Eq (8) 

poly. 4 
Eq (9) 

logistic 
Eq (10) 

a 1.0956 0.9959 0.9292 1.0594 
b -0.6588 0.3271 1.2978 0.0351 
c -0.8160 -3.4225 -7.7557 6.5610 
d 

 
1.9999 9.4594 

 
e 

  
-4.3502 

 
Table 2. Values of the regression coefficients for the four 

different models. 

Finally, the values of the KPIs for the different models is 
presented in the Table 3.  

 
       Figure 3. Third degree regression function for year 2007. 

 

 
poly. 2 poly. 3 poly. 4 logistic 

MAE 0.06115 0.05942 0.05931 0.06090 
MAPE 0.14382 0.14273 0.14257 0.15259 
RMSE 0.07787 0.07680 0.07662 0.07787 

R2 0.93018 0.93209 0.93240 0.93018 
tstat 2.695E-12 1.023E-12 1.300E-11 1.12616 

Table 3. KPI values for the adopted models. 

The logistic model presents the worst performances with 
reference to all the considered indices. In particular, the t-
statistic value, equals to 1.12616, highlight the poorness of 
this model. Considering the polynomial functions, the 
third and fourth degree models outperform the second 
degree model. These two correlating functions have 
similar performances with reference to all the adopted 
statistic indicators. In particular, the fourth degree 
polynomial model is better than the other one considering 
all the KPIs except for the t-statistic where the third degree 
model outperforms the fourth degree one. However, the 
improvement introduced by the fourth degree term is less 
than 1% and does not justify the increase of the model 
complexity.  
In conclusion, for the year 2007, the third degree 
polynomial model seems to be the best trade-off between 
accuracy and simplicity. The presented procedure has 
been applied to the other three years from 2004 to 2006. 
Similar results have been obtained. In all the cases the 
third degree polynomial model outperforms the other 
ones. The next Table 4 summarizes the values of the 
obtained coefficients for this model and for the four years. 
The values of the KPIs are also reported.  
 
   2004 2005 2006 2007 
a 1.0098 0.9872 0.9622 0.9959 
b 0.1815 0.4002 0.6713 0.3271 
c -3.2379 -3.8346 -4.3064 -3.4225 
d 1.9962 2.4911 2.6747 1.9999 

MAE 0.05946 0.06309 0.06323 0.05942 
MAPE 0.14953 0.16723 0.15636 0.14273 
RMSE 0.07856 0.08347 0.08170 0.07680 

R2 0.92270 0.91410 0.91935 0.93209 
tstat 8.22E-12 3.37E-12 1.60E-12 1.02E-12 

Table 4. Third degree polynomial model: values of the 
coefficients and KPIs for years 2004 to 2007. 
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  Madrid Birr Drezden/klotzsche 

  
multi-

location 
single-

location % gap 
multi-

location 
single-

location % gap 
multi-

location 
single-

location % gap 

MAE 0.05745 0.05346 6.95 0.05855 0.05341 8.76 0.05589 0.05168 7.53 

MAPE 0.21602 0.17688 18.12 0.11327 0.10190 10.04 0.10140 0.10113 0.27 

RMSE 0.07350 0.07138 2.88 0.07724 0.07119 7.84 0.07796 0.07382 5.31 

R2 0.92964 0.93364 0.43 0.88314 0.90075 1.99 0.92086 0.92904 0.89 
Table 5. Comparison between multi-location and single-location models for the selected check sites. 

A graph, comparing the obtained four models, is 
presented in the next Figure 4.  
 

 
Figure 4. Comparison of the obtained models for years 2004 to 
2007. 

Despite the four analytic expressions are different their 

waveforms are similar especially in the range [0.1,0.8] of 
the clearness index. This is the range where the large 
amount of the measured values of solar radiation belongs 
to. The final analytic expression of the multi-location 
model, obtained considering the mean values of the 
coefficients of the four models, is presented in equation 
(20). 
 
�6 = 0.988775 + 0.395025� − 3.70035�� + 2.290475�)   (20) 
 
The black line in Figure 4 shows, graphically, the trend of 
the proposed multi-location model.  
 
5.1 Model validation: application to the check sites 
The application of the developed multi-location model to 
the defined check sites allows to validate it quantifying the 
performance gap in adopting a multi-location instead of a 
dedicated single-location model. Table 5 presents a 
comparative analysis for the three selected check sites 
highlighted in Figure 1 and considering the solar radiation 
data for the year 2007. Note that comparing the values of 
t-statistic parameter is not possible due to the different 
number of the degrees of freedom in the two cases. The 
percentage gaps between the multi-location and single-
location models shows, obviously, that a model developed 
considering the specific data set of the particular site has 
the best performances. However, the decrease of accuracy 
of the multi-location model is, generally, acceptable and 
lower than 10% for all the KPIs. Only for the MAPE an 
error close to 18% occurs considering the site of Madrid. 
In conclusion, the developed multi-location model 

adequately fits the check sites data and can be consider 
applicable in the context of the EU countries. The next 
section presents an application of the developed model 
evaluating the attended energetic performances of a solar 
plant to be installed in the city of Bologna, in the north of 
Italy.   

6. Application of the model: Bologna (Italy) case 
study  
The developed multi-location model can be applied to 
determine the solar radiation components on a horizontal 
or tilted surface. In particular a case study considering the 
opportunity of installing a solar plant in Bologna is 
presented. The problem is to quantify the amount of 
direct and diffuse solar radiation incident on a β=45° 
tilted surface, south oriented. 
From the public weather station located in Borgo 
Panigale, Bologna (L=44°29’40’’) the average daily global 

radiation, �, is datalogged while �� can be computed 
using equation (3) applying the Duffie and Backman 
(2006) approach. Accordingly to equation (20) the average 

diffuse fraction, �, can now be assessed together with the 
direct component of solar radiation. The following table 
shows the obtained results.  
 

Month �� �  � = �
��

 � = ��
�  

�b
� = 1 − ��

�  

1 3,456 1,260 0.365 0.752 0.248 

2 4,917 1,830 0.372 0.741 0.259 

3 7,034 2,950 0.419 0.673 0.327 

4 9,265 4,300 0.464 0.604 0.396 

5 10,909 5,200 0.477 0.584 0.416 

6 11,600 5,820 0.502 0.545 0.455 

7 11,228 6,070 0.541 0.483 0.517 

8 9,866 5,490 0.556 0.457 0.543 

9 7,731 3,900 0.504 0.540 0.460 

10 5,491 2,490 0.453 0.621 0.379 

11 3,758 1,410 0.375 0.737 0.263 

12 3,050 978 0.321 0.811 0.189 

Table 6. Values of the solar radiation components on horizontal 
surface in Bologna (L=44°29’40’’, H and H0 in [Wh/m2 day]) 

By means of the direct and diffuse fraction on horizontal 
surface, in accordance with Duffie and Backman (2006),  
it is easy to determine the exact amount of energy incident 
on β degrees tilted south oriented surface: 
 

�op
� = Pb ∙ &1 − ��

� ,             (21) 



��p
� = ��

� ∙ 02rst �u#
�              (22) 

�vp
� = w ∙ 0(rst �u#

�                    (23)  

where �bu , ��u , �xu are respectively the direct, diffuse 

and reflected solar components over a surface tilted β 

degrees over the horizontal plane of the observer and ρ is 

the albedo coefficient. Pb is the geometric factor, ratio of 
direct radiation on tilted surface to that on the horizontal 
surface.  
Equations (21-23) allow the designer to quantify the total 
amount of energy incident on a south-facing titled surface. 
The results of the presented Bologna case study (β=45°, 

ρ=0.22) are summarized in the next Figure 5. 
 

 
Figure 5. Direct, diffuse and reflected radiation on a 45° tilted 

south-facing surface installed in Bologna (Italy, L=44°29’40’’) 
 

7. Conclusions and suggestions for further research 
This paper discusses the development and validation of a 
multi-location model correlating the diffuse fraction of the 
solar radiation to the clearness index, i.e. the most known 
and adopted climate parameter. An analysis of correlation 
has been implemented, considering different regression 
models and a data set made of solar radiation values 
measured between 2004 and 2007 in 41 European sites. 
The results point out that the third degree polynomial 
correlating model outperforms the other functions and 
has a similar trend for all the four years. The model 
validation, developed considering three different locations 
as sites of control, confirms the adequacy and the 
accuracy of the proposed model. Finally, an application 
considering a solar plant to be installed in Bologna, shows 
the potential and usefulness of the proposed model for 
the design and energetic analysis of solar systems. Future 
developments deals with the impact of the seasonality on 
the correlation model, studying different models for 
summer and winter periods, and with the extension of the 
considered climatic parameters including other indices in 
addition to the clearness index.   
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