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The main objective of this study is to develop single location appropriate models

for the estimation of the monthly average daily global and diffuse horizontal solar

radiation for Brasov, Romania. The study focuses particularly on models based on

the sunshine duration and clearness index. The data used for the calibration of the

models were collected during a period of 4 yr, between November 2008 and

October 2012, at the Transilvania University of Brasov. The testing and validation

of the models was carried out using data from the online SoDa database for Brasov

for the year 2005. Different statistical error tests were applied to evaluate the

accuracy of the models. The predicted values are also compared with values from

three other known models concerning the global and diffuse solar radiation. A new

mixed model was developed for the estimation of monthly average daily global

horizontal solar radiation. The data processing was performed by means of a real-

time interface developed with LabVIEW graphical programming language. The pa-

rameters taken into account were the relative sunshine, the clearness index, the

extraterrestrial radiation, the latitude and the longitude. The methodology is simple

and effective and may be applied for any region. Its effectiveness was proven

through comparison with global models. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896596]

I. INTRODUCTION

The amount of solar radiation on the ground, on a surface, through a curved aperture or

through windows is a fundamental quantity used in energy balance equations, where it appears

in the form of intensity (W/m2), power (W), or energy (Wh).1 It is, also, important to provide

good estimates and reliable measurements of the solar radiation. The ex ante determination of

the useful amount of energy to be delivered in any place through the solar radiation conversion

to thermal or electric power is considered as sine qua non for intelligent solar radiation applica-

tions. Innovative solar radiation applications in the domestic, industrial, and agricultural sectors

are presented and argued in many research works.2–7

Many research studies focus on the measurement, monitoring and analysis of horizontal

solar radiation at different locations. National and global databases have been developed for

this purpose, such as NASA, European GIS databases, etc.8–10 The analysis of these data is

also useful for the extraction of the values of the most important parameters, or the average

values of solar radiation with daily, monthly, or seasonal dependence and variations which

might be considered as stochastic. However, in the well-established models for sizing renew-

able energy systems, mean estimated or average either daily or monthly values of solar radia-

tion are used as input data, see f-chart or U-f chart methods.1,11 Such values are determined
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either by using various models for their prediction or by data bases at national or international

level.

The solar energy potential becomes a major consideration in photovoltaic (PV) systems in-

stallation, for zero energy or passive solar buildings, agricultural applications like crop drying,

green house studies, solar thermal and cooling, climatology, photobiology, etc.2,4,6,12–14

The monitoring of the solar radiation is realized by meteorological stations running in vari-

ous geographical places in all countries which measure mainly global solar radiation and sun-

shine duration. The diffuse component of the solar radiation is measured by pyranometers with

a shadow ring properly attached on to their frame or with shading disc on suntracker, spectrora-

diometers, etc. The direct component is measured by a pyrheliometer mounted on a sun track-

ing system.

II. BRIEF REVIEW OF THE MODELS

There are several models developed to predict solar radiation profiles on a daily, monthly,

and hourly basis.2,12,15–20,26–36,57,58 These models are empirical, theoretical, or stochastic, lead-

ing to sophisticated models using neural networks and fuzzy logic algorithms.21–25 The input

data for such models include quantities such as the sunshine duration, the latitude and the longi-

tude, the declination angle, the altitude, the cloudiness, the ambient temperature, the relative

humidity, the atmospheric pressure, and precipitate water vapor.2,19,20,26–29,31,35,36

The models for the monthly average daily global horizontal solar radiation can be classified

in the following categories, see Table I:31

The models based on sunshine duration are the most widely studied and used in research

studies. These models can be classified in four main groups:19,20

• Linear models—based on a modified form of the Angstr€om equation.37 The empirical coeffi-

cients a and b can be obtained using first order regression analysis. Models developed in the lit-

erature include annual models, seasonal (separated into two periods October–March and

April–September) and monthly models. From a geographical perspective the models can be

local,38,39 regional,20,31,40 or general models.41,42

• Polynomial models— based on 2nd or higher order equations; the models developed in the liter-

ature also include local, regional, and general models.19,20,31,41,43

• Angular models, derived from the Angstr€om equation, have been proposed by many research-

ers; whereby alongside the monthly relative sunshine duration the models also use input param-

eters such as the latitude—u, the longitude—k, and the altitude—Z of the site.19,20,31,44,45 In

this group of models the linear fitting parameter a is determined as a function of u, k, Z.19,31

• Other models—this group comprises the models which cannot be included in the previous cate-

gories; these models use other mathematical approximation such as exponential, logarithmic,

and power form based equations.19,46–50

TABLE I. Model classification.

Type of solar radiation Model type Considered parameters of the model

Global horizontal

solar radiation

Linear or first order Sunshine duration, relative humidity, precipitated water vapor,

cloud factor, and atmospheric pressure

Polynomial Sunshine duration and cloud factor

Angular Altitude, latitude, longitude, declination angle, and elevation

Other relationships:

logarithmical, exponential,

power forms or other

Sunshine duration, relative humidity, precipitated water vapor,

daily maximum air temperatures, daily minimum air

temperatures, cloud factor, and atmospheric pressure

Diffuse horizontal

solar radiation

Polynomial sunshine duration

Polynomial clearness index

Linear sunshine duration, clearness index, ambient temperature,

and relative humidity
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The empirical models used to determine the monthly average daily diffuse horizontal radia-

tion can be classified according to the function used for the input parameters.16,19,32,34,51

The models can thus be grouped into the following three classes:

• Models based on the clearness index—they can be a linear or other function of the monthly av-

erage daily clearness index.16,19,32,34,51,52

• Models based on the sunshine duration—they can be a linear function or other function of the

monthly average daily sunshine.16,19,32,34

• Mixed models based on the mentioned two parameters or on additional parameters such as the

ambient temperature, the relative humidity and the monthly average solar altitude at solar

noon.16,32,34,53

Empirical models that have been proposed in the literature include local models, such as

the model developed by El-Sebaii et al. for the city of Jeddah, Saudi Arabia51 or by Li et al.
for the Guangzhou, China,16 regional models, such as the models developed by Ulgen and

Hepbasli for three major Turkish cities54 or by Haydar et al. for Central Anatolia region of

Turkey,55 and, finally, general models such as the models developed by Bortolini et al. for the

European (EU) geographical area.32

III. METHODOLOGY

The main objective of this work is to determine the models which provide the best esti-

mates of the monthly average daily global horizontal solar radiation, as well as the monthly av-

erage daily diffuse horizontal solar radiation for Brasov, Romania. In order to identify the best

models, seven selected models for the estimation of the monthly average daily global horizontal

solar radiation, and five models for the monthly average daily diffuse horizontal solar radiation

are studied. The selected models are chosen because they are the most widely used by research-

ers in order to estimate the monthly average daily global and diffuse horizontal solar radiation

and they give very good results for different locations.2,19,28,31,32 They are briefly presented

below.

A. Models used for the monthly average daily global horizontal radiation

The first model applied is the linear one, proposed by Page, using the modified Angstr€om-

type equation. It is the most widely used method because of its simplicity and the fact that

many meteorological stations measure the sunshine duration.

The Angstr€om equation modified by Page is given in the following equation:37,41

H

Ho
¼ aþ b

n

N
; (1)

where H represents the monthly average daily global radiation, n is the monthly average daily

hours of bright sunshine (h), Ho represents the monthly average daily extraterrestrial radiation,

N is the monthly average day length (h), and a, b are coefficients that have to be empirically

determined for the respective area. N is given in the following equation:1

N ¼ 2xs=15; (2)

where the sunset hour angle xs is given in the following equation:1

xs ¼ cos�1ð�tan u tan dÞ; (3)

where u represents the latitude and d represents the declination.

The monthly average daily extraterrestrial radiation Ho is given in the following equation:1
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Ho ¼ ð0:024=pÞIsc½1þ 0:033 cos ð360DN=365Þ�
� ½cos u cos d sin xs þ ð2pxs=360Þ sin u sin d�; (4)

where Isc represents the solar constant with a value of 1366.1 W/m2,56 and DN is the day num-

ber in the year (1–365).

In the linear model of Eq. (1), the coefficients a and b are determined by first order regres-

sion analysis of measured data.

From the polynomial group of models, three models are used: second order polynomial

proposed by Ogelman et al., given by Eq. (5); third order proposed by Zabara, given by

Eq. (6); and fifth order proposed by Bakirci, given by Eq. (7),19,20,31,43,63,64

H

Ho
¼ aþ b

n

N
þ c

n

N

� �2

; (5)

H

Ho
¼ aþ b

n

N
þ c

n

N

� �2

þ d
n

N

� �3

; (6)

H

Ho
¼ aþ b

n

N
þ c

n

N

� �2

þ d
n

N

� �3

þ e
n

N

� �4

þ f
n

N

� �5

; (7)

where c, d, e, and f are the regressions coefficients that have to be empirically determined.

The logarithmic model is the fifth one selected. Newland46 and Bakirci48 developed such

models for the Coastal Region of South China and Turkey. The logarithmic model is given in

the following equation:

H

Ho
¼ aþ b

n

N
þ c ln

n

N

� �
: (8)

The sixth model chosen is the exponential model developed by Almorox and Hontoria,

given in the following equation:47

H

Ho
¼ a exp b

n

N

� �
: (9)

Kaplanis and Kaplani have proposed a cosine model, given by Eq. (10),57 for the prediction

of H as a function of the day number in the year,57,58

H ¼ aþ b cos
2p
365

DN þ c

� �
: (10)

B. Models used for the monthly average daily diffuse horizontal radiation

The empirical models used to determine the monthly average daily diffuse horizontal radia-

tion can be classified according to the mathematical function used for the estimation.16,19,51

The first empirical model used for comparison was that of Gopinathan53 where diffuse hori-

zontal radiation is calculated as function of the clearness index using the following equation:

Hd

H
¼ KD ¼ f KTð Þ; (11)

where Hd represents the monthly average daily diffuse horizontal radiation, and the function

f(KT) can be a linear function of the monthly average daily clearness index when it varies

between 0.3 and 0.7 or a third order polynomial function.31,54,55 These correspond to the first
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and second models applied, respectively. KT is the clearness index, calculated by the following

equation:4

KT ¼
H

Ho
: (12)

The third and fourth empirical models used for the monthly average daily diffuse horizon-

tal radiation in this work take into consideration the sunshine duration, based on the Ibrahim

models.65 The models is given in the following equation:

Hd

H
¼ g

n

N

� �
; (13)

where the function g(n/N) can be a linear function, or a second order polynomial function.

The last one is a polynomial approximation developed by Gopinathan53 given in the fol-

lowing equation:

Hd

H
¼ aþ bKT þ c

n

N
: (14)

C. Data collection and LabVIEW application

Brasov is a city positioned in the central area of Romania. Its geographical coordinates are

North latitude 45�39020", East longitude 25�36038", and 568 m altitude above sea level.

The data used as inputs for the models are measured by a meteorological station, mounted

on the roof of the university building. The pyranometer provides the values of the horizontal

global solar radiation, as well as the diffuse horizontal radiation. The data are collected for a

period of 4 yr, November 2008–October 2012, at 5 min interval.

A complex program was developed in the LabVIEW graphical programming language for

the data processing. The data obtained with the pyranometer are saved in “cvs” format and the

program permits data conversion and calculation of the monthly average daily extraterrestrial

solar radiation, of the monthly average daily global horizontal solar radiation using the selected

day or the average for an entire month and the monthly average daily diffuse horizontal solar

radiation.

D. Data filtering procedure

Data correction procedures are given, presented and explained in Table II.

TABLE II. The procedures of filtering and preprocessing data.

Step Data filtering Description

1 Available data Days without 24 h data availability are not considered in the analysis.

2 Incidence angle Data with solar altitude less than 7� is not considered in the analysis.60

3 Global radiation values Only the data with values in the range

0.03Ho�H�Ho (15)

is considered.61

4 Available data in function of

clearness index and diffuse fraction

Only the data with values in the range

0 < KT < 1 ; 0 < KD < 1 (16)

is considered

5 Diffuse radiation values The data considered are comprised within the

envelope delimitated by the two curves obtained by interpolation,

given in the following equation,

see Figure 1:
KD;low ¼ 1:128� 1:928KT þ 0:691KT

2

KD;up ¼ 1:162� 0:158KT � 1:29KT
2

�
(17)
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The concept used in step 5 of Table II to filter the data for the diffuse radiation values is

introduced by Claywell et al.60 and adopted by Bortolini et al.32

E. Statistical tests

Various statistical error tests were used to evaluate the models. The first statistical error

test is the mean absolute error (MAE) given in the following equation:

MAE ¼

Pn
i¼1

jxic � ximj

n
; (18)

where xic represents the calculated values, xim is the measured values, and n is the total number

of measurements. The value for MAE must be very small, a value close to zero is desirable.

Whereas MAE offers information on the long-term performance, the root mean square error

(RMSE) test, given in Eq. (19), gives the information on the short-term performance. In order

to get accurate estimated values, the RMSE value must be as small as possible,

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

xic � ximð Þ2

n

vuuut
: (19)

If the MBE and RMSE are considered separately the assessment of the best model might

be false. The t-statistics is a method to avoid a wrong model selection and is given in the fol-

lowing equation:59

t ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n� 1ð ÞMBE2

RMSE2 �MBE2

s
; (20)

where the mean bias error MBE is given in the following equation:

FIG. 1. The scatter envelope.
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MBE ¼

Pn
i¼1

xic � ximð Þ

n
: (21)

The coefficient of determination R2, given by Eq. (22), is a measure of how well the curve

fits the data and it value is between 0 and 1. A value of R2 very close to one is desirable,

R2 ¼ 1�

Pn
i¼1

xim � xicð Þ2

Pn
i¼1

xim � xmð Þ2
; (22)

where xm is the mean of the measured values.

The relative percentage error calculated for each month is given in Eq. (23). The interval

acceptable for the relative percentage is (�10%;10%),

e ¼ xim � xic

xim
100: (23)

IV. RESULTS AND DISCUSSION

The empirical coefficients were determined by linear, polynomial, exponential, and loga-

rithmic type fittings according to the various models selected for the monthly average daily

global and the monthly average diffuse horizontal solar radiation, using the data measured in

the 4 yr. The coefficient of determination R2 and RMSE are used to verify the matching

between the real data points and the regression data points.

A different set of data obtained from SoDa database62 for the same location, Brasov, and

year 2005 was used for the validation of the models. Statistical tests MAE, RMSE, t-stat, R2

were utilized for the performance testing.

A. The monthly average daily global horizontal radiation

The monthly average daily global horizontal solar radiation can be obtained by calculating

the average for the entire month or by using for each month, the day when the extraterrestrial

solar radiation is equal with the average for the entire month, see Table III. Both methods are

used and the results are compared, Figure 2.4

There are differences between the daily global horizontal solar radiation for a selected day

and the monthly average, see Figure 2. These differences can appear because the selected days

can be clear days in winter or cloudy days in summer, so that they significantly differ from the

average.

The selected days for every month are used to reduce the calculation time. Taking into

consideration these differences, it is better to use the average for the entire month in this study

as the software allows the quick calculation of the monthly daily global horizontal solar

radiation.

TABLE III. The monthly average daily extraterrestrial and the global horizontal solar radiation for a selected day and aver-

age value per month.

Month Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Number of selected day 17 16 16 15 15 11 17 16 15 15 14 10

Ho(kW/m2) 3.30 4.83 6.90 9.18 10.87 11.59 11.23 9.82 7.71 5.43 3.66 2.90

Hmeas/selected day (kW h/m2) 1.41 2.17 3.46 3.99 4.95 5.99 6.07 5.31 3.85 2.65 1.91 1.01

Hmeas/average(kW h/m2) 1.23 2.13 3.42 4.16 5.06 6.17 6.01 5.49 3.99 2.47 1.75 0.99
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The determination of the optimal model for the monthly average daily global horizontal so-

lar radiation for Brasov starts with the simplest one, the linear model. In Figure 3, the depend-

ence between H/Ho and n/N is represented. The coefficients a and b are obtained using linear

fitting, given in the following equation:

H

Ho
¼ 0:229þ 0:53

n

N
; R2 ¼ 0:98: (24)

The monthly average daily global horizontal solar radiation can be calculated using Eq.

(24), by knowing the monthly average daily extraterrestrial radiation and the relative sunshine

hours.

The results for the linear, polynomial, exponential, and logarithmic models are presented in

Table IV. For the determination of the empirical coefficients of the model proposed by

FIG. 3. The linear model developed for Brasov.

FIG. 2. The comparison between the daily global horizontal solar radiation for the selected day of the month and the

monthly average.
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Kaplanis,57 DN is considered as the number of the day in the year that corresponds to the

selected day, see Table III.

By analyzing the results of Table IV, it can be seen that for all the models chosen the val-

ues of the correlation coefficient R2 are higher than 96%. The fifth order polynomial model has

the best values for R2, as well as for RMSE.

Validation of the models presented in Table IV is performed using the SoDa database. The

results are presented in Table V. The relative percentage error is calculated for each month in

order to analyze the matching between the estimated values by modeling and the measured val-

ues for the year 2005. The differences for each model between H measured for the year 2005

and the annual estimated value are also calculated in percentage. The local models are com-

pared with two general ones by Page and Rietveld.41,42 The Rietveld model is developed using

data collected from 42 stations in different countries and it is given in the following equation:

H

Ho
¼ 0:18þ 0:62

n

N
: (25)

The Page model is developed using data collected from stations placed between the latitudes of

40N-40S and it is given in the following equation:

H

Ho
¼ 0:23þ 0:48

n

N
: (26)

TABLE IV. Empirical coefficients for the selected models of monthly average daily global horizontal solar radiation.

Model types Models obtained for Brasov RMSE R2

Linear H ¼ Ho 0:229þ 0:53
n

N

� �
0.00954 0.980

Second order polynomial H ¼ Ho 0:204þ 0:663
n

N
� 0:156

n

N

� �2
 !

0.00966 0.982

Third order polynomial H ¼ Ho 0:342� 0:427
n

N
þ 2:485

n

N

� �2

� 2:009
n

N

� �3
 !

0.0097 0.984

Fifth order polynomial H ¼ Ho

�2:457þ 32:997
n

N
� 150:58

n

N

� �2

þ336:64
n

N

� �3

� 363:88
n

N

� �4

þ 152:512
n

N

� �5

0
BBB@

1
CCCA 0.00922 0.989

Exponential H ¼ Ho 0:2776 exp 1:145
n

N

� �� �
0.00963 0.963

Logarithmic H ¼ Ho 0:325þ 0:41
n

N
þ 0:0479ln

n

N

� �� �
0.00973 0.982

Kaplanis H ¼ 3:571þ 2:534 cos
2p
365

DN þ 3:232

� �
0.2432 0.986

TABLE V. Statistical results for selected empirical models with estimated coefficients.

Model types MAE RMSE t-stat R2 Hest � Hmeas (annual) (%) e (%)

Linear 0.13 0.1545 5.18 0.9986 �3.55 (�5.54; �1.58)

Second order polynomial 0.114 0.138 4.98 0.9988 �3.14 (�5.59; �1.24)

Third order polynomial 0.099 0.121 4.71 0.9986 �2.71 (�6.05; �0.44)

Fifth order polynomial 0.0855 0.113 3.8 0.999 �2.34 (�6.7; �0.12)

Exponential 0.136 0.164 4.86 0.998 �3.71 (�6.11; �1.74)

Logarithmic 0.111 0.128 5.704 0.9988 2.97 (0.37; 6.85)

Kaplanis 0.188 0.265 1.463 0.98 �2.93 (�16.4; �0.44)
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Taking into account the results of the statistical test, see Table V, the conclusion is that the

fifth order polynomial model is the best model for the monthly average daily global horizontal

solar radiation for Brasov, with the smallest MAE, RMSE, and t-stat values. A very good

matching is obtained between the measured monthly average daily global horizontal solar radia-

tion and the one estimated with the fifth order polynomial model. The value of the correlation

coefficient R2 is 0.999. With respect to the relative percentage e, a much higher dispersion is

observed for the Page, Rietveld, and Kaplanis models. The monthly average daily global hori-

zontal solar radiation calculated with Page and Rietveld models lead to underestimated values,

see Table VI. The Page and Rietveld are general models. There can still be observed a doubling

of the error for the estimation of the annual global solar radiation using the Rietveld model in

comparison to the fifth order polynomial model and a four times increase in the case of the

Page model. This indicates that local models need to be developed for higher accuracy. Good

results are also obtained for the logarithmic model.

Figure 4 renders a comparison between the estimated monthly average daily global hori-

zontal solar radiation and the measured data using SoDa database.

The coefficients of the linear model for two periods of the year were obtained, too. The

equations of this model are presented below:

H

Ho
¼ 0:218þ 0:547

n

N
f or April� September; (27)

H

Ho
¼ 0:219þ 0:566

n

N
f or January�March and October � December: (28)

TABLE VI. Statistical results for selected empirical models with universal coefficients.

Model types MAE RMSE t-stat R2 Hest � Hmeas (annual) (%) e (%)

Rietveld 0.178 0.194 7.506 0.998 �4.84 (�12.5; �1.9)

Page 0.297 0.34 5.95 0.998 �8.12 (�10.54; �6.5)

FIG. 4. The comparison between the estimated monthly average daily global horizontal solar radiation and the measured

data using SoDa database for 2005.
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The results for the statistical tests are MAE ¼ 0:128 and RMSE ¼ 0:151. The percentage

difference between Hmeas and Hest is only of 3.14% by using the linear-two periods model. An

improvement is observed in comparison to the linear annual model, see Table V.

The model for every month of the year is also developed. The equations of this model are

presented below:

H

Ho
¼ 0:218þ 0:607

n

N
f or January ; (29a)

H

Ho
¼ 0:270þ 0:569

n

N
f or February ; (29b)

H

Ho
¼ 0:241þ 0:557

n

N
f or March ; (29c)

H

Ho
¼ 0:170þ 0:638

n

N
f or April ; (29d)

H

Ho
¼ 0:198þ 0:591

n

N
f or May ; (29e)

H

Ho
¼ 0:217þ 0:556

n

N
f or June ; (29f)

H

Ho
¼ 0:228þ 0:524

n

N
f or July ; (29g)

H

Ho
¼ 0:191þ 0:572

n

N
f or August ; (28h)

H

Ho
¼ 0:212þ 0:565

n

N
f or September ; (29i)

H

Ho
¼ 0:202þ 0:60

n

N
f or October ; (29j)

FIG. 5. The comparison between H estimated with mixed model and the H obtained by SoDa for 2005.
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H

Ho
¼ 0:216þ 0:555

n

N
f or November ; (29k)

H

Ho
¼ 0:204þ 0:605

n

N
f or December : (29l)

The results for the statistical tests are MAE ¼ 0:121 and RMSE ¼ 0:148. By using the

linear-month model the percentage difference between Hmeas and Hest is only of 2.91%. An

improvement is observed in comparison to the linear annual model, see Table V.

A mixed model is suggested analyzing the results obtained for the 4 yr and considering the

best two models of the seven analyzed and it is given in the following equation:

H ¼ Ho

�2:457þ 32:997
n

N
� 150:58

n

N

� �2

þ 336:64
n

N

� �3

�363:88
n

N

� �4

þ 152:512
n

N

� �5

0
BBBB@

1
CCCCA f or August� April

H ¼ Ho 0:325þ 0:41
n

N
þ 0:0479 ln

n

N

� �� �
f or May� July:

8>>>>>>>>><
>>>>>>>>>:

(30)

The mixed model offers highly improved results for the statistical tests: MAE ¼ 0:0727,

RMSE ¼ 0:095, t-stat ¼ 0:397, and R2 ¼ 0:999. By using this model, the percentage difference

between Hest and Hmeas is only of 0.32%. There is a very good matching between the estimated

data with the mixed model and the validation data, and it is illustrated in Figure 5. However,

the mixed model overestimates the monthly average daily global horizontal solar radiation for

July. The model for monthly average diffuse horizontal solar radiation also overestimates the

value for July, as it can be seen below. This month seems to be critical, because other research-

ers obtained the same results, too.16,36

TABLE VII. Empirical coefficients for selected models for the monthly average daily diffuse horizontal solar radiation for

Brasov.

Model types Models obtained for Brasov RMSE R2

Linear (KT) Hd ¼ Hð1:369� 1:741KTÞ ; 0:3 < KT < 0:7 0.0416 0.89

Third order polynomial (KT) Hd ¼ Hð�4:313þ 35KT � 77:5KT
2 þ 53:86KT

3Þ 0.0038 0.926

Linear (n/N) Hd ¼ H 0:972� 0:93
n

N

� �
0.0436 0.885

Second order polynomial (n/N) Hd ¼ H 0:853� 0:322
n

N
� 0:717

n

N

� �2
 !

0.043 0.894

Mixed model Hd ¼ H 1:234� 1:14KT � 0:325
n

N

� �
0.0434 0.892

TABLE VIII. Statistical results for selected models.

Model types MAE RMSE t-stat R2 Hd,meas � Hd,est (yr) e (%)

Linear (KT) 0.051 0.067 2.01 0.996 1.98% (�6.05; 5.69)

Third order polynomial (KT) 0.043 0.054 0.547 0.995 0.52% (�3.58; 5.91)

Linear (n/N) 0.155 0.193 4.28 0.993 8.64% (�0.999; �12.71)

Second order polynomial (n/N) 0.168 0.212 4.24 0.992 9.49% (�0.31; 15.26)

Mixed (KT and n/N) 0.0853 0.114 2.92 0.996 4.29% (�4.2; 8.44)

Multi-location 0.216 0.258 4.97 0.994 12.17% (�0.69; 16.46)
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B. The monthly average daily diffuse horizontal radiation

Using the same methodology as for the monthly average daily global horizontal radiation

the following models are developed in order to determine the monthly average daily diffuse

horizontal radiation. The results for the linear and polynomial models are presented in Table

VII.

By analyzing the results of Table VII, it is observed that the third order polynomial model

gives the best results for R2, as well as for RMSE.

The validation tests are repeated for the monthly average daily diffuse horizontal solar radi-

ation and the results are presented in Table VIII. The local models are compared with the

multi-location model proposed by Bortolini et al. for Europe, given in the following equation:32

Hd ¼ Hð0:9888þ 0:3950KT � 3:7003KT
2 þ 2:2905KT

3Þ: (31)

Taking into account the statistic test values obtained for different estimated models, it can

be observed that the models function of the clearness index gives the best results. The third

order polynomial (KT) model confirmed by the performance tests gives values that are close to

the ones considered for validation, see Figure 6. Taking into account the relative percentage

error e, a greatly higher dispersion is observed for the linear (n/N), second order polynomial

(n/N), and multi-location models. An error of 12.17% is observed for the multi-location model,

and thus the search for highly accurate local models is required even if a significant model

location-dependence is introduced. For Brasov the third order polynomial model (KT) has an

error of only 0.52%.

V. CONCLUSIONS

Empirical models can be used to estimate the monthly average daily global and diffuse

horizontal solar radiation in areas where there are no appropriate measurement devices

available.

In this study, several empirical models were fitted with measured data and later compared

with a SoDa database in order to assess the validity of the coefficients. These models were

applied on the meteorological data base of the Transilvania University of Brasov and verified

with data from the SoDa database for 2005 and statistical errors tests.

Seven classical models were developed for the monthly average daily horizontal global

radiation, one model for two periods of the year and one for each month, for the city of

Brasov. Comparing the data from SoDa database for 2005 with the estimated data using the

FIG. 6. Comparison between the estimated monthly average diffuse horizontal solar radiation and the Hd obtained by SoDa

for 2005.
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developed models indicates that the most suitable type of model for this type of solar radiation

is the fifth order polynomial model with the sunshine duration parameter.

An original model is developed by analyzing the results obtained for the classical models,

namely the mixed model, Eq. (28), offering the best matching results between the estimated

data and the ones used for validation.

The Rietveld model gives satisfying results to estimate the monthly average daily global

horizontal solar radiation for Brasov. The Page model gives underestimated values because the

latitude of the town is not in the interval 40 S and 40 N. Kaplanis model gave underestimated

values particularly in March and April and overestimated in July but very close estimates to the

measured data during the other months. It is important to note that the Kaplanis model is based

only on the day number in the year and this gives an added value, whereas the other models

take into account the sunshine duration for the period tested. Kaplanis and Kaplani have also

proposed a more complex cosine model which gives better predictions.58

For the monthly average daily diffuse horizontal solar radiation five models are developed.

The parameters used are the clearness index and the sunshine duration. Using the statistical

errors tests to assess the models and the validation data, the third order polynomial model with

relative sunshine parameter is the best. The multi-location model proposed for Europe by

Bortolini et al. is also tested, and an error of 12.17% is observed between the estimated data

and the ones used for validation.

The data obtained in this study indicated that for a high accuracy both in the case of the

monthly average daily global horizontal solar radiation and in the case of the monthly average

daily diffuse solar radiation, local models need to be developed. These models can be used suc-

cessfully for the location for which they are developed.

As shown in this study, the global models for the estimation of the monthly average daily

global horizontal solar radiation and diffuse solar radiation gave acceptable estimates. The

methodology outlined here using a local model based on regression statistical analysis with so-

lar radiation data available from online databases is applicable to any region and gives closer

estimates.
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