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Abstract— In this paper, two methods for modelling solar 

irradiation are demonstrated, and verified by test results. The 
work is aimed at producing in-plane irradiation values that can 

serve as input for a photovoltaic (PV) module model. The aim is 
limited to grid-connected applications. The usefulness of the 
work lies in the fact that it can support making planning 

decisions without requiring detailed knowledge from the user, 
for example an installer of smal-scale photovoltaic systems. 

Of the two methods, one relies on replicating the stochastic 

properties of the underlying process and the other method is 
aimed at creating a daily average irradiation profile. When used 
with a polycrystalline PV module model, both methods show 

good test results and similar accuracy. It is therefore suggested 
to use the method using average values, since it is simpler 
compared to the other method. It is accurate enough to be 

applied in a software tool. 

I. INTRODUCTION 

In a broad sense, a PV (photovoltaic) installation can be 

thought of as a system involving the direct conversion of 

solar energy into electrical energy by the photovoltaic effect. 

The aim of the work presented in this paper is limited to 

predicting electrical yield of grid connected applications. In 

this field, a fast growth takes place [1], [2], [3] and there is a 

vast potential for domestic and industrial applications [1], [3]. 

Moreover, in the long run, a significant decrease in cost per 

watt is expected from thin film technologies [2], [3]. 

In order to be able to capitalize upon this positive prospect, 

it is beneficial to gain knowledge of PV systems. To be more 

specific, it is interesting to be able to make predictions of the 

annual yield of PV installations. 

An important aspect in predicting yield of a PV installation 

is correctly modelling the solar irradiation on the PV cells and 

panels [2]. The goal of this is to get interpolated hourly 

irradiation values for a plane at a certain angle, representing 

the solar panel. These hourly values can serve as an input for 

a PV module model. Monthly global irradiation values are 

widely available and act as an input. For doing this, two 

different approaches were found in the literature and selected 

for further study: 

 An approach that uses stochastic methods 

 An approach that creates an 'average irradiation 

profile' for each month 

An example of the fist approach can be found in the 

Meteonorm package. This is a software tool that can generate 

synthetic weather data for various applications [4]. An 

example of the latter approach can be found in the form of 

formulae and models proposed in the Handbook of 

Photovoltaic Science and Engineering [3]. An argument to 

make use of stochastic approach for modelling instead of 

using average values would be the nonlinear behaviour of PV 

cells and panels. In order to find out more about this, both 

approaches are tried and tested by the author and as a result, 

two working calculation chains have been implemented in 

Matlab. 

The effect of ground-reflected light is neglected and it is 

insignificant in most cases [3]. Also it is decided not to take 

the effect of different levels of dust and humidity into 

account. Information on this exists in the literature [1], [4]. 

In this paper, the first approach that is explained is referred 

to as the average value method. The second method is the 

stochastic method. After both methods are explained, test 

results are shown and a conclusion is drawn concerning wich 

of these methods is suitable for predicting yield of a grid 

connected PV installation. 

II. AVERAGE VALUE METHOD 

The input used for implementing the average comes form 

the Handbook of PV Science and Engineering [3]. In chapter 

20, many useful formulae can be found. In this section, the 

steps needed to get hourly in-plane irradiation values form 

monthly values are explained. 

The steps that are taken are the following: 

 calculate monthly and daily clearness index value 

 make average hourly profile 

 calculate components of hourly solar irradiation 

 calculate the contribution to the irradiation in plane 

of solar panel of various components 

In the following subsections, the listed steps are explained in 

the order in which they are presented. 

A. Calculating Monthly and Daily Clearness Index 

The clearness index kt is defined as the ratio between the 

amount of energy from the sun that would have reached a 

horizontal plane without atmosphere and the amount of 

sunlight that actually reaches a horizontal plane. For a time 

interval T it can be calculated as 
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In this equation, G is the global horizontal irradiance: this 

is the sum of the diffuse and direct sunlight that reaches the 

ground. The solar constant B0 is the average amount of 

sunlight that reaches the upper atmosphere perpendicular to 

the beam and  is the angle between the sun and the horizon. 

A subscript can be added to indicate the used time interval. 

For example kth is the clearness index calculated for a period 



 

 

of one hour (hourly clearness index). Because the distance 

between the earth and the sun is not constant, so is the 

extraterrestrial beam strength. This effect is described by 0 

where 
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In (2), dn is the day number. Some simplifications are made 

with regard to the exact shape and long term variations of the 

orbit. 

In order to reduce calculation time, the actual calculations 

are only carried out for one day per month, this is the so 

called characteristic day. Details can be found elsewhere [3]. 

Right now it suffices to state that the characteristic day is the 

day that best describes the rest of the month. 

In a practical implementation, the monthly global 

horizontal irradiation values, G·dt, are available and the 

extraterrestrial irradiation is found by carrying out a 

numerical integration in one-hour intervals on the 

denominator of (1): ·0·max(0,sin)·dt. 

 

B. Making Average Hourly Profile 

For making an average hourly profile, formulas are derived 

using about 10 years of actual data from 6 HBCU (Historical 

Black Colleges and Universities) [8] locations. These sites are 

located in the South-eastern United States. The shape of the 

formulas is inspired by another paper [5]. The author decided 

to use these formulas for a slightly different purpose and 

fitted coefficients to the HBCU database [8]. In order to do 

so, a Matlab script is written that analyses the data and makes 

use of least square fitting to get the values of the coefficients 

– this script also produces the coefficients for later equations 

(23) up to (29). Essential in such a script is detecting and 

properly handling possible errors in the data. In this case it is 

chosen to discard all unrealistic values. If the sun is up, the 

hourly clearness index values kth can be calculated using 
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In these formulas, ktd is the average daily clearness index. 

An example of an average daily profile can be shown in 

figure 1. 

 

 

 
Fig. 1.  An example of an average daily profile showing hourly clearness 

index values. 

C. Calculating Components of Hourly Solar Irradiation 

The sunlight that falls onto an object consists of several 

components. First of all, there is the sunlight that travels 

through the atmosphere without being interrupted, this is the 

direct sunlight. Secondly, a part of the sunlight gets reflected 

by gasses in the atmosphere, dust particles and clouds. This is 

the diffuse component. Also, a surface can be influenced by 

sunlight that is reflected by the ground. This component is 

called albedo. The global sunlight is made up from these 3 

components. Because ground albedo is low compared to the 

other two components except for the case of snow [], it is 

neglected. 

A simple correlation that can be used for determining the 

diffuse fraction of the sunlight is [3] 
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This formula gives the monthly diffuse fraction FDm as a 

function of the monthly clearness index ktm. It is based on 

data from 10 locations between 40ºS and 40ºN [3]. 

When looking at the daily profile, the diffuse fraction is 

mainly dependent on the clearness index. The effects of the 

solar altitude angle are low. If the effect of solar altitude 

angle is neglected the the hourly diffuse fraction Fdh is a 

function of hourly clearness index kth, that in, 
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Any function for determining the hourly diffuse fraction 

needs to satisfy 2 conditions: 

 Diffuse fraction is only dependent on clearness index 

 Generated daily clearness index value is equal to 

monthly value 

The only way in which to satisfy both of these two conditions 

is given by 
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The hourly global horizontal irradiation value Gh can be 

calculated for daylight hours from 
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Whereas direct normal (Bn) and diffuse horizontal (Dh) values 

are calculated using 
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and 
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An example showing different components of sunlight is 

given in figure 2. 

Fig. 2.  Example showing different components of sunlight. 

D. Calculating the contribution to in-plane irradiation of 

various components 

For the diffuse irradiation, the Hay and Davies model is 

used. A description can be found in the Handbook of PV 

Science and Engineering [3]. Its performance has been 

compared to other models [6] and though it is not the most 

accurate model, it is efficient. Hay and Davies' model is an 

anisotropic model. It divides the diffuse irradiation into two 

components: a circumsolar and an isotropic component. 

The anisotropy index k1 is given by 
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The diffuse in-plane irradiance is calculated using 
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The formulas for the isotropic irradiance (D
I
) and 

circumsolar irradiance (D
C
) are given below: 
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The angle p is the angle between the normal of the solar 

panel and the horizon. Calculating the direct component of 

the in-plane hourly irradiation is straightforward, given by 

 

sin np BB .   (17) 

III. STOCHASTIC METHOD 

A second approach that was tested was aimed at replicating 

the typical solar climate of a site. The way to achieve this is 

by applying stochastic models. The steps that are taken are: 

 calculate monthly clearness index values 

 generate sequence of daily clearness index values 

 generate sequence of hourly clearness index values 

 calculate components of hourly solar irradiation 

 calculate the contribution to in-plane irradiation of 

various components 

In this section, the steps that are taken are explained. The way 

of calculating the monthly clearness index value is kept 

almost the same, with the only difference being the fact that 

the time interval is changed from one day (the so called 

characteristic day) to the entire month. In terms of calculation 

results, this does not make much of a difference. It mainly 

increases calculation time. 

E. Generating a sequence of daily clearness index values 

This subsection explains the model that is used for 

generating a sequence of daily clearness index values from 

monthly clearness index values. 

The Practical Handbook of Photovoltaic Science and 

Engineering [1] points to some research that has been 

conducted in this field. The choice to use a Markov Process to 

model this is based on two observations: 

 Irradiation values for consecutive days show much  

correlation 

 The distribution of daily clearness index values is 

dependent on monthly clearness index values. 

In this subsection, it will be explained how the model works 

and how the parameters are derived. 

A Markov chain is time-discrete and has the property that 

the chances of transition to a next state are a function of 

present state. In the context of this work the state of the 

Markov chain represents a certain range of daily clearness 

index values. The one-step probabilities can be described by 

[7] 
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The matrix P is square and the probabilities are denoted by 

pij in which i is the present state and j is the next state. 

Because the distribution of daily clearness index values is 

also dependent on the monthly clearness index value, a third 

dimension is needed to replicate this behavior. According to 

the monthly clearness index, the right 2D Markov Transition 

Matrix is used. The size of the dimensions is determined by 

trial and error. Too many groups will lead to poor system 

identification (noise) and too few groups will lead to an 

inaccurate description of the system (bias). By trial-and-error, 

a workable trade-off is found in the form of a 10 x 10 x 10 

matrix. 



 

 

Some form of interpolating is needed to produce a 

continuous range of daily clearness index values. The Markov 

process produces discrete values. A way to solve this is by 

means of a second (pseudo) random number, which is used 

for interpolating the generated values [4]. 

For the first day of the year, a starting value is needed for 

the Markov process. This value is generated according to the 

steady-state state distribution. This steady-state distribution 

can be calculated from the Markov transition Matrix, 

provided that the steady state distribution exists and only has 

one value. If all states communicate with each other this is the 

case. Otherwise, it has to be checked by hand. The state 

probabilities, or in the context of this work, the chances that 

the daily clearness index is within a certain range, can be 

represented by a vector [7]. 
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If the steady state probabilities () exist, they can be found 

by solving [7]: 
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Additionally, the sum of all limiting state probabilities has 

to be one. In other words, the system is always in a state as 

expressed by 
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In order to solve the set consisting of (20) and (21) it is 

convenient to make the observation that (20) states that the 

next state equals the present state. 

The information in (20) can be represented in another form 

by taking the transpose of P, subtracting a matrix having 

diagonal ones and adding a column with all zeros at the right 

hand side. The information in (21) can be used by adding a 

row of all ones. Now the steady-state probabilities are found 

by determining the reduced row echelon form. 

Apart from interpolating and providing a starting value, the 

generated daily clearness index is limited to a certain range. 

The used minimum value is given by 
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and the maximum value is derived using a formula that 

calculates the maximum clearness index: 
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A last but important step is to test if the series of generated 

clearness index values is close to the target value (given by 

the input monthly clearness index value). If the clearness 

index value is close to the target value (given by the input 

monthly clearness index value). If the clearness index from 

the generated series is within +/- 5% of the target value, it is 

further adjusted by multiplying all values and clipping values 

that are outside the range between the minimum given in (22) 

and the maximum value that is given in (23). If the series is 

more than 5% off the target value, it is rejected and another 

series is generated. The process is repeated for each month of 

the year. 

Getting a set of Markov Transition Matrices from actual 

data is relatively simple and straightforward. It involves a two 

step process. In the first step, transitions from one state to 

another are counted. The clearness index group of the month 

as well as the clearness index group of the 'present day' and 

'next day' have to be determined. Some testing has to be 

provided to prevent possible data errors from contaminating 

the result. 

The second step is constructing the Markov Transition 

Matrices from the counted transitions from any one state by 

the sum of counted transitions from that state. An example is 

given in figure 3. 

Fig. 3.  Example showing a generated series of daily clearness index values. 

F. Generating a Sequence of Hourly Clearness Index Values 

In order to get from daily clearness index series to hourly 

clearness index series, the Time-dependent Autoregressive 

Gaussian (TAG) model is employed. A clear description of 

the model is given in the paper by R. Aguiar and M. Collares 

[5]. In the appendix of that paper, a detailed example can be 

found. The example from the paper is not practical in the 

sense that the formulas do not produce useful results. This is 

solved by adapting formulas to data from the HBCU solar 

radiation database [8]. In this section the idea is discussed 

briefly. 

Roughly, the TAG model consists of two parts: a part that 

prepares coefficients and values and a part tjat generates a 

series of hourly clearness index values using pseudo random 

numbers until it is tested OK. 

The first part calculates the maximum and average hourly 

clearness index, standard deviation and auto correlation. The 

minimum value is assumed to be zero, so it does not need to 

be calculated. The maximum value of clearness index is given 

by 
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The average hourly clearness index is given by 
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The values of l, a and c are given by (4) up to and including 

(6). The standard deviation is given by 
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with the coefficients 
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The autocorrelation coefficient R is calculated using: 
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The average daily clearness index is dependent on the solar 

trajectory, which changes with time of the year and latitude. 

In order to counteract this, all the average hourly clearness 

index values are multiplied such that the daily clearness index 

target value is matched. Not doing so will cause the algorithm 

to get such in a loop for sites with latitude greater than about 

30 degrees. 

After the preparation is done, the hourly clearness index 

series itself is generated. A random number is taken with a 

Gaussian distribution and standard deviation 1, that in, 
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From (30), a random variable y is calculated as 
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The outcome is then used to calculate a clearness index 

value from 
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For the first hour of the year, no value of y(n-1) is 

available, so the first value of y is calculated using 
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And the clearness index kth(1) is calculated as 

 

)1()1( , ykk avgthth   .  (34) 

 

After one day is complete, the generated clearness index 

values are checked. The lowest value must be zero or larger 

and all values must be below the maximum value. Apart from 

that, the generated hourly clearness index values must lead to 

a daily clearness index value within 5% of the target value. If 

this is not the case, the clearness values are generated again. 

Otherwise, all hourly clearness index values are multiplied 

such that the target value is achieved. An example of a series 

of hourly clearness index values is shown in figure 4. 

 

Fig. 4.  Example of hourly clearness index series. 

G. Calculating Components of Hourly Solar Irradiation 

For calculating the direct and diffuse irradiation, the Digital 

Insolation Simulation Code (DISC) model is used. This 

model is originally aimed at determining direct irradiance 

values for series of global horizontal irradiance values in the 

United States. It is also useful for determining direct 

irradiance values for series of global horizontal irradiance 

values. In order to do so, the values are clipped to a lower 

limit of zero and for solar altitude angles below 1 degree, it is 

clipped to the clear sky value given by 
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The formula comes from the Handbook of PV Science and 

Engineering [3]. The formulas used in the DISC model itself 

are described in a report by Eugene L. Maxwell [9]. In this 

paper it is only described how the diffuse irradiation is 

calculated when hourly direct normal irradiation and hourly 

clearness index are known. First, the hourly global horizontal 

irradiation values are calculated: 
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If the global horizontal irradiation is known, the next step is 

to calculate the diffuse horizontal irradiation from 

 

sin nhh BGD .  (37) 

 

An example result is shown in figure 5 



 

 

 

Fig. 5.  Example result showing different components of sunlight. 

H. Calculating the Contribution to In-plane Irradiation of 

Various Components 

Calculating the hourly in-plane direct irradiation values is 

straightforward and it has been already done for the average 

value method. Instead of using Hay and Davies' model for 

calculating the contribution of the diffuse irradiance, a 

simplified version of the Perez model is used as described in 

[10]. This model is more accurate [3], but not nearly as 

simple. The needed formulas can be found in the paper of 

Perez [10]. 

IV. TESTING 

Two methods of getting hourly in-plane irradiation series 

have been implemented using Matlab. The criterion according 

to which these two methods are tested is the long-term 

prediction of PV module yield using a developed PV module 

model. Other tests are geared towards finding causes of 

inaccuracies in both methods. The developed model simulates 

a polycrystalline module and the one diode model with series 

and shunt resistance sis used to represent the solar panel [11]. 

As a reference, multiple sources are used: 

 HBCU database, split up into two parts for 

identification and testing. Over 10 years of data 

from 5 locations is available for identification and 

over 10 years of data is available for testing. 

 Meteonorm: HBCU locations 

 Meteonorm: other locations (worldwide) 

 SMHI (Swedish meteorological institute) 3 years of 

data from Norrköping. 

As for the locations, the following test sites are chosen: 

 Elizabeth City State University (36.30ºN, 76.25ºW) 

 Savannah State College (32.03ºN, 81.07ºW) 

 Mississippi Valley State University (33.50ºN, 

90.33ºW) 

 Norrköping (58º36'N, 16º12'E) 

 Málaga (36º43'N, 4º25'E) 

 Freiburg im Breisgau (36º43'N, 4º25'E) 

And the following tests are done: 

 Testing the yield using a PV module model 

 Making histograms of hourly in-plane irradiance 

 Bar plots of hourly clearness index values 

 Yearly sum of direct normal irradiation 

In order to limit space, not all test results are shown. The 

most important figure is the predicted yield per year. In order 

to test this, 8 tests are specified. 

Test number one makes use of data from the SMHI 

database. Using the direct normal and diffuse irradiation, the 

in plane irradiation values are calculated using Perez' model. 

The data is selected from the months that are closest to the 

average in terms of total global horizontal irradiation and 

contain no gaps or missing data. Because of the large quantity 

of missing or rejected data, expectations are modest. 

Test number two up to and including four make use of 

synthetic reference data from Meteonorm, using three of the 

HBCU locations: Elizabeth City State University, Savannah 

State College and Mississippi State University. Test five up to 

and including seven also make use of synthetic Meteonorm 

data, for Norrköping, Málaga and Freiburg im Breisgau. 

Test number eight is the latest test and for that test data 

from SMHI (Swedish meteorological institute) is used. 

Global horizontal and direct normal hourly irradiation values 

are available for Norrköping for 2006 up to and including 

2008. The reference value for irradiation is the average of the 

calculated PV panel yield for these three years. 

The results from the Average value method are given in 

table I, and in table II, the results from the stochastic method 

are shown. In table III, the reference values are shown. From 

the results shown in table II, table I and table III, the Root 

Mean Square and Mean Bias Error can be calculated. This is 

done in table IV. 

TABLE I 

PREDICTED YIELD OF A SHARP NE-170U1 POLYCRYSTALLINE MODULE 

USING AVERAGE VALUE METHOD 

Test No. location Yield [kw=Wh] 

1 Savannah State College 254.1 

2 Elizabeth City State 

University 

245.7 

3 Savannah State College 254.1 

4 Mississippi Valley State 

University 

249.3 

5 Norrköping 168.4 

6 Málaga 283.5 

7 Freiburg im Breisgau 178.5 

8 Norrköping 168.4 

 

TABLE II 

PREDICTED YIELD OF A SHARP NE-170U1 POLYCRYSTALLINE MODULE 

USING STOCHASTIC METHOD 

Test No. location Yield [kw=Wh] 

1 Savannah State College 242.8 

2 Elizabeth City State 

University 

235.5 

3 Savannah State College 241.4 

4 Mississippi Valley State 

University 

238.5 

5 Norrköping 173.9 

6 Málaga 277.6 

7 Freiburg im Breisgau 178.2 

8 Norrköping 175.0 

 

 



 

 

TABLE III 

REFERENCE VALUES OF PREDICTED PV PANEL YIELD. USED PV PANEL IS A 

POLYCRYSTALLINE MODULE TYPE SHARP NE-170U1 

Test No. location Yield [kw=Wh] 

1 Savannah State College 228.3 

2 Elizabeth City State 

University 

240.8 

3 Savannah State College 249.9 

4 Mississippi Valley State 

University 

244.4 

5 Norrköping 163.7 

6 Málaga 284.3 

7 Freiburg im Breisgau 173.0 

8 Norrköping 168.2 

 

TABLE IV 

ROOT MEAN SQUARE ERROR AND MEAN BIAS ERROR CALCULATED FROM 

TABLE II, TABLE I AND TABLE III 

 Average Value Method Stochastic method 

RMSE [%] 4.43 4.07 

MBE [%] 2.86 1.16 

 

The results shown in table IV look promising. A still better 

situation occurs when the results from the first test are 

ignored. The reference value is determined from global 

horizontal and diffuse irradiance measurements. Because of 

the large amount of data gaps and rejected data and the lack 

of (accurate) direct normal irradiation measurements, the 

accuracy of the reference value from the first test is less than 

the other values. 

TABLE V 

ROOT MEAN SQUARE ERROR AND MEAN BIAS ERROR CALCULATED 

WITHOUT FIRST MEASUREMENT 

 Average Value Method Stochastic method 

RMSE [%] 2.05 3.62 

MBE [%] 1.66 0.42 

 

The figures from the above table indicate that both the 

average value method and stochastic method perform well. 

For the stochastic method the Mean Bias Error is lower, but 

the Root Mean Square Error is higher. Also, results from 

different simulations from various sites give different results 

(see table IV). This is a disadvantage of the stochastic 

method: with the same input, the output value can vary 

somewhat. Relative to the stochastic method, the performance 

of the average value method is quite similar. 

Although the expected yield from both methods doesn't 

show much difference in the tests, the distribution of the 

hourly clearness index values is very different. Figure 6 

shows the distribution from the stochastic method and figure 

7 the distribution from the average value method. When 

comparing figure 6 to figure 8, the stochastic method shows a 

distribution that approaches the reference. 

The stochastic method is also capable of reproducing the 

distribution of irradiation values for locations outside the 

United States. In figure 9, the distribution of the hourly in-

plane irradiation is shown for the stochastic method for 

Norrköping (58º36'N, 16º12'E). Compared to figure 10 and 

figure 11, the shape of the distribution is very similar. 

Fig. 6.  Histogram showing hourly in-plane irradiation values for Savannah 
State college using stochastic method. 

 

Fig. 7.  Histogram showing  hourly in-plane irradiation values for Savannah 

State College using average value method. 

 

Fig. 8.  Histogram showing hourly in-plane irradiation values for Savannah 
State College using data from HBCU database. 

 

The values from the direct normal irradiation are however 

different: for both the stochastic method and the average 

value method, there is a difference in predicted yield as 

shown in table VI. There is room for improvement there. The 

effect on yield of differences in direct normal irradiation is 

partly compensated by the diffuse component. 



 

 

TABLE VI 

ROOT MEAN SQUARE ERROR AS WELL AS MEAN BIAS ERROR IN PREDICTED 

DIRECT NORMAL IRRADIATION 

 Average Value Method Stochastic 

method 

RMSE [%] 11.84 9.54 

MBE [%] 11.39 8.25 

 

 

Fig. 9.  Histogram showing hourly in-plane irradiation values from stochastic 

method and location Norrköping. 

 

Fig. 10.  Histogram showing hourly in-plane irradiation values from SMHI 

database for Norrköping. 

 

Fig. 11.  Distribution of in-plane irradiation values for Norrköping from 

Meteonorm. 

 

V. CONCLUSIONS 

From the test results, it can be concluded that both the 

average value method and the stochastic method show 

acceptable accuracy when predicting PV yield for the tested 

polycrystalline module. Since the average value method is far 

easier to implement it is preferred over the stochastic method. 

There is, however, room for improvement of both methods 

when only the direct normal component of the sunlight is 

considered. 

Some simplifications have been made in this work. These 

simplifications do not have a serious effect on predicted yield 

as shown by the test results. Considering the effects of 

tolerances on input data, possible variations in climate and 

tolerances in module parameters, there is little reason to 

sacrifice simplicity for improved accuracy. Rather than 

improving the method itself, the testing of the method can be 

improved by extending the range of test sites and data 

sources. 
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