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Abstract 18 

An exhaustive evaluation of the performance of decomposition models to estimate direct and 19 

diffuse components from the global horizontal solar irradiance has been carried out in this work. 20 

The main objective of the work has been to compare the models performance for two different time 21 

basis, hourly and monthly average hourly basis.  An extensive database of horizontal solar 22 

irradiance from nine locations in Spain was used for the study. The data span through January 1980 23 

to December 2012 of hourly solar irradiance for the nine locations, thus, indicates cumulative year 24 

sum of 132 years. This study first investigated the decomposition of the hourly horizontal 25 

irradiance into hourly direct and diffuse component using six decomposition models widely 26 

referenced in the  bibliography. On the hourly decomposition investigation, it was observed that 27 

there are no significant differences between the six models for each specific location. Nevertheless, 28 

the performance of each of the models was strongly dependent on cloudiness conditions and the 29 

solar altitude at the location which is associated to the climatic condition of each site. Further 30 

investigations using the six decomposition models were conducted to estimate monthly average 31 

hourly values of direct and diffuse components of the solar irradiance with proper assessment of the 32 

different models performance at the various locations. Based on the results of the investigations 33 

which present no significant differences on the performance of the different models, an extremely 34 
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simple algorithm was developed to estimate monthly average hourly values of direct and diffuse 35 

solar irradiance which reduces the statistical errors in all locations investigated. 36 

 37 

 38 

Keywords: Solar resource, direct and diffuse solar irradiance, modeling, monthly average hourly 39 

values.  40 

 41 

1. Introduction 42 

 43 

The search for simple, economic and alternative energy solutions which are environmental friendly 44 

in meeting small scale energy demand is an emerging need in developed countries [1]. Solar energy 45 

plays a crucial role in providing renewable alternative energy for small scale energy demand.               46 

Determining the solar radiation components -global, diffuse and direct- or some combination that 47 

are applicable to a solar energy conversion system is the first step in evaluating design criteria and 48 

performance of solar systems [2]. 49 

 50 

A very important factor in the assessment of solar energy resources is the availability of high 51 

quality solar global, direct and diffuse irradiance data [3,4]; the use of a specific solar component 52 

will depend on the energy application involved [2,5-7], direct and diffuse irradiance are required for 53 

weather files used in building energy simulations as well as photovoltaic and solar thermal 54 

calculations while systems with concentrating optics rely on direct normal irradiance (DNI) 55 

availability. The best database would be the long-term collected data at the site of the proposed 56 

solar system although it is a difficult task; in the case of DNI, for example, pyrheliometers, installed 57 

on devices that track the sun, have a high investment cost and require an intensive labor of 58 

monitoring while instrumentation normally used for collection of global horizontal irradiance 59 

(GHI) data can be an order of magnitude less expensive and not as labor intensive [8]. This leads to 60 

global solar irradiance is more commonly measured at radiometric stations than its components and 61 

thus the need for effective models to estimate these ones; the higher or lower complexity of models, 62 

accuracy and easy accessibility to input data has been analyzed in several works [9-11]. 63 

 64 

In a broad sense, models which are able to break down the data into its component parts are called 65 

decomposition or separation models. Due to measurements are limited in many radiometric stations 66 

in the world, decomposition models are useful tools to obtain new data. For example, in places 67 

were global solar irradiance is measured on a daily basis, decomposition models have been used to 68 

obtain hourly values from the daily ones [12]. In places where only global solar irradiance is 69 
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measured, decomposition models have been used to separate the global one into its components 70 

direct and diffuse [10, 13-16]. The global radiation decomposition models to direct and diffuse 71 

radiations generally use correlations integrating the diffuse fraction Kd,  direct radiation 72 

transmittance Kb and clearness index KT. The present work deals with this type of models.  73 

 74 

Due to separation models are empirically derived from site-specific measurements, an extensive 75 

calibration and performance analysis in different zones is necessary in order to improve their 76 

accuracy.  Separation models studies have been reported by several authors in the literature: 77 

Bertrand et al. [13] evaluate the performance of decomposition models to estimate direct irradiance 78 

in Brussels using measurements of GHI as input. Torres et al. [17] compared decomposition 79 

models, analyzing the relationship Kd–KT. Boland et al. [14] show that the decomposition BRL 80 

(Boland–Ridley–Lauret) model is well equipped not only to estimate the diffuse solar irradiance but 81 

also to estimate  the direct one through the chain global-diffuse-DNI. Bortolini et al.[18] analyze 82 

three polynomial functions Kd–KT of ascending degree to estimate the daily diffuse fraction. Yousif 83 

et al. [19] determine coefficients of linear correlations Kd–KT for two locations far from each other 84 

and establish that a correlation between KT and Kd usually exists for any particular place; when a 85 

correlation is established for a specific place, then future or past missing data of either direct or 86 

diffuse radiation may be estimated in that site. Gueymard and Ruiz-Arias [10], following a 87 

thorough literature search, have found 140 separation models since the pioneering, which is an 88 

indication of the importance of this topic and of its vitality since the 1960s. According to them, this 89 

type of radiation model is ubiquitous to produce solar resource data used in essentially all solar 90 

applications.  91 

 92 

The error values reported for separation methods depend on the time step basis of data and on the 93 

estimated, diffuse or direct, component. Copper et al. [5] estimate both components for four 94 

Australian locations and made a comparative study of four separation models on an hourly basis for 95 

a minimum of six years for each location; they conclude that RMSE vary between 40 and 65% for 96 

the diffuse irradiance and 19-35% for the direct irradiance for the several model-location 97 

combinations. Yang et al. [20] show the performance of five decomposition models to estimate the 98 

diffuse irradiance for Singapore over a period of one year and report errors which varies from 99 

31.76% to 34.94% . Perez-Burgos et al. [21]  analyze the performance of six decomposition models 100 

to estimate direct irradiance in Madrid by considering only very clear sky data for the time period 101 

1980-2004 on an hourly basis; they report error values lower than those for all sky conditions so 102 

that the best performance, among the studied models, is obtained for Louche model [22] with 103 

RMSE= 7.54%. 104 
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 105 

So far, most of the works done with decomposition models are on an hourly basis. In this work, the 106 

behavior of decomposition models to estimate monthly average hourly (MAH) values is evaluated. 107 

MAH values are used to visualize a typical average behavior of solar radiation in a specific site; 108 

thus, a typical daylight availability in a specific site is usually reported by a chart  showing MAH 109 

values of solar illuminance [23]; computer tools as  SkyCalc software provides a chart of MAH 110 

values of daylight illumination for a given skylighting design and a particular climate with the aim 111 

to help designers quickly determine the skylight strategy for energy savings [24]. In the literature, it 112 

was found that some recent papers deal with the solar resource availability based on MAH values in 113 

the case of solar illuminance [25, 26], solar direct irradiance [27] and solar ultraviolet radiation 114 

[28].  115 

 116 

The objective of the paper is to evaluate quantitatively the reliability of decomposition models to 117 

estimate direct and diffuse solar radiation on two time-bases: hourly and monthly average hourly 118 

basis. With the aim to obtain a conclusive assessment, a broad solar irradiance data from 9 locations 119 

in Spain representing different climatic conditions were employed and decomposed using six 120 

widely referenced decomposition models. The study also proposed a mathematical algorithm for 121 

the estimation of direct and diffuse solar irradiance MAH values. 122 

 123 

2. Climatic conditions and experimental data 124 

 125 

The experimental data used in this work, supplied by the Spanish National Meteorological Agency 126 

(AEMET), consists of hourly horizontal global, diffuse and direct normal irradiance measurements. 127 

Data from 5:00 h to 20:00 h were available for each day, time expressed in True Solar Time (TST). 128 

The study presents results for nine locations in Spain representing a variety of climatic conditions;  129 

the data set used in this study in the 9 locations makes a cumulative total of about 132 years data. 130 

 131 

Series provided by AEMET are high quality; nevertheless, some few spurious data have been 132 

removed by applying further quality data control described in Li and Lam [29] resulting in 407017 133 

valid data. Table I shows information about the nine locations, time period and number of used data 134 

(N). In this table, the Köppen Climate Classification has been used to characterize their climatic 135 

conditions. Five different sub-climates have been considered in the analysis: Cfb (temperate 136 

oceanic climate), for Santander and Oviedo locations;  Csb (warm summer mediterranean climate), 137 

for Leon, Valladolid and Salamanca locations; Bsk (cold semi-arid climate), for Lleida location; 138 

Csa (hot summer mediterranean climate), for Madrid and Caceres locations and Bsh (hot semi-arid 139 
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climate), for Murcia location. This classification system, although created almost 100 years ago, 140 

continues to be one of the most widely used for climate studies in the world. The classification in 141 

distinct types of climate is based on average monthly values for precipitation and air temperature. 142 

Santander and Oviedo located in the north coast of Spain have abundant precipitations, 1129 143 

mm/year and 960 mm/year, respectively, while Murcia in the East Coast has the minimum rainfall 144 

rate, 297 mm/year. Considering location temperatures, Leon is the coldest location with a monthly 145 

average temperature varying from 3.2º to 19.8º at different periods of the year while Murcia is the 146 

hottest location with ambient temperature range from 10.6º to 27.6º. 147 

 148 

Table I: Geographical characteristics, (latitude, longitude and altitude over the sea level), climate, 149 

time period and number of data used (N) for nine locations in Spain.  150 

Location Lat. (º) Long. (º) Alt. (m) Climate* Time Period N 

Santander 43.49 -3.80 52 Cfb 17/06/1999-31/12/2012 35700 

Oviedo 43.35 -5.87 336 Cfb  28/06/1999-31/12/2012 32127 

Leon 42.59 -5.65 916 Csb  25/08/2006-31/12/2012 20918 

Valladolid 41.64 -4.75 735 Csb 01/08/1999-31/12/2012 39871 

Salamanca 40.96 -5.50 790 Csb  01/07/2001-31/12/2012 32857 

Lleida 41.63 -0.6 192 BSk  05/10/2006-31/12/2012 18366 

Madrid 40.45 -3.72 664 Csa  01/01/1980-31/12/2012 107443 

Caceres 39.47 -6.34 394 Csa  12/10/1999-31/12/2012 35204 

Murcia 38.00 -1.17 61 BSh  01/05/1988-31/12/2012 84531 

*Köppen Climate Classification 151 

 152 

3. Description of models 153 

 154 

This work deals with decomposition models which calculate solar direct and diffuse irradiance 155 

from known data of global irradiance. In some decomposition models, the diffuse component is 156 

first evaluated; then the direct component is obtained by the difference between the global and 157 

diffuse solar radiations. These algorithms, usually called diffuse fraction models, estimate the 158 

diffuse fraction Kd (diffuse to global irradiance ratio) from the clearness index KT (global irradiance 159 

to the corresponding extraterrestrial value ratio) so that the following chain is applied: Global Rad - 160 

KT - Kd - Diffuse Rad – Direct Rad. Alternatively, other decomposition models rather use KT to 161 

evaluate the transmittance of beam radiation, Kb (direct to extraterrestrial irradiance ratio) instead 162 
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of Kd. Here, the chain for the calculation is: Global Rad - KT – Kb - Direct Rad - Diffuse Rad [10, 163 

14] 164 

 165 

KT, Kd and Kb are calculated by: 166 

்ܭ ൌ
௛ܩ

ߙ݊݅ݏ଴ܫ
ൗ     (1) 167 

ௗܭ ൌ
௛ܦ

௛ܩ
ൗ      (2) 168 

௕ܭ ൌ
௛ܤ

ߙ݊݅ݏ଴ܫ
ൗ     (3) 169 

 170 

where Gh , Dh and Bh are the global, diffuse and direct irradiance on a horizontal surface and α is 171 

the solar altitude angle. KT, the fraction of the extraterrestrial irradiance that reaches the earth 172 

surface is an indicative of the clearness of the atmosphere, Kd express the diffuse portion of the 173 

global irradiance and Kb is the fraction of the extraterrestrial irradiance that reaches straight to the 174 

earth. I0 is the extraterrestrial irradiance calculated by: 175 

 176 

଴ܫ ൌ  ଴     (4) 177ܧௌ஼ܫ

 178 

ISC is the solar constant and E0,  the correction factor for the sun-earth distance calculated from the 179 

day angle Γ by [30]: 180 

 181 

଴ܧ ൌ 1.00011 ൅ 0.034221 cosሺΓሻ ൅ 0.001280 sinሺΓሻ ൅ 0.000719	cosሺ2Γሻ ൅ 0.000077	sinሺ2Γሻ  182 

(5)  183 

 184 

Once obtained one of the components, the other is obviously obtained by subtracting from the 185 

global one as: 186 

 187 

௛ܩ ൌ ௛ܦ ൅  ௛     (6) 188ܤ

 189 

It is not the aim of this work to make a full revision of existing models but select some well-known 190 

representative algorithms; evaluate their performances at different locations such that general 191 

conclusions can be applied to others with the same typology [18]. 192 

 193 

Six models, widely referenced in literature, have been selected; the algorithms, described below (a-194 

f), have been proposed by Reindl et al. [31] (models Reindl1 and Reindl2), Erbs et al. [32], 195 

Maxwell [30], Lopez et al. [33] and Louche et al. [22]. The typology of the models [20] show that 196 
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Erbs, Reindl1 and Louche used univariate approaches where KT is the only input. Reindl2, Maxwell 197 

and Lopez employed bivariate approaches which involves two inputs, KT and α. On the other hand, 198 

Erbs, Reindl1 and Reindl2 calculate the diffuse fraction Kd while Maxwell, Lopez and Louche 199 

calculate the solar direct transmittance Kb..  200 

 201 

a) Reindl1 Model 202 

ௗܭ ൌ 1.020 െ ்ܭ								்ܭ0.248 ൑ 0.30 203 

ௗܭ ൌ 1.450 െ 0.30								்ܭ1.670 ൏ ்ܭ ൏ 0.78   (7) 204 

ௗܭ ൌ ்ܭ																													0.147 ൒ 0.78 205 

 206 

b) Erbs Model 207 

ௗܭ ൌ 1.0 െ ்ܭ																																																																																																்ܭ0.09 ൑ 0.22 208 

ௗܭ ൌ 0.9511 െ ்ܭ0.1604 	൅ ்ܭ4.388
ଶ 	െ ்ܭ16.638

ଷ ൅ ்ܭ12.336
ସ					0.22 ൏ ்ܭ ൑ 0.8    (8) 209 

ௗܭ ൌ ்ܭ																																																																																																															0.165 ൐ 0.8 210 

 211 

c) Reindl2 Model 212 

ௗܭ ൌ 1.020 െ ்ܭ0.254 		൅ ்ܭ					ߙ݊݅ݏ	0.0123 ൑ 0.30 213 

ௗܭ ൌ 1.400 െ ்ܭ1.749 		൅ 0.30					ߙ݊݅ݏ	0.177 ൏ ்ܭ ൏ 0.78    (9) 214 

ௗܭ ൌ ்ܭ0.486 െ ்ܭ																												ߙ݊݅ݏ	0.182 ൒ 0.78 215 

 216 

d) Maxwell Model 217 

௕ܭ ൌ ௡௖ܭ െ ሺܣ ൅ ܤ expሺ݉ܥሻሻ       (10)  218 

Where 219 

௡௖ܭ ൌ 0.866 െ 0.122	݉ ൅ 0.0121	݉ଶ െ 0.000653	݉ଷ ൅ 0.000014	݉ସ (11)  220 

 221 

m is the relative optical mass obtained by [30]: 222 

 223 

݉ ൌ ൫݌ ଴ൗ݌ ൯ሺܿߠݏ݋ ൅ 0.15 ∗ ሺ93.885 െ  ሻିଵ.ଶହଷሻିଵ (12) 224ߠ

 225 

The correction pressure factor is given by:  226 

)
.

z(
p
p

 
28435

exp
0

   (13) 227 

 228 

z is the altitude over the sea level 229 

 230 
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A, B, C are coefficients given by:  231 

For KT ≤ 0.6: 232 

ܣ ൌ 0.512 െ ்ܭ	11.56 ൅ ்ܭ	2.286
ଶ െ ்ܭ	2.222

ଷ  233 

ܤ ൌ 0.370 ൅  234 (14)        ்ܭ	0.962

ܥ ൌ െ0.280 ൅ ்ܭ	0.932 െ ்ܭ	2.048
ଶ 235 

for KT > 0.6: 236 

ܣ ൌ െ5.743 ൅ ்ܭ	21.77 െ ்ܭ	27.49
ଶ ൅ ்ܭ	11.56

ଷ  237 

ܤ ൌ 41.40 െ ்ܭ	118.5 ൅ ்ܭ	66.05
ଶ ൅ ்ܭ	31.90

ଷ    (15) 238 

ܥ ൌ െ47.01 ൅ ்ܭ	184.2 െ ்ܭ	222.0
ଶ ൅ ்ܭ	73.81

ଷ  239 

 240 

e) Lopez Model  241 

௕ܭ ൌ ሺ0.928 െ ்ܭሻߠݏ݋ܿ	0.909
ଶ																																																	்ܭ ൑ 0.325  (16) 242 

௕ܭ ൌ 0.069 െ ்ܭ	0.475 ൅ ்ܭ	1.733
ଶ െ ்ܭ													ߠݏ݋ܿ	0.096 ൐ 0.325  243 

θ=π/2-α is the solar zenith angle.  244 

 245 

f) Louche Model  246 

௕ܭ ൌ 0.002 െ ்ܭ0.059 	൅ ்ܭ0.994
ଶ 	െ ்ܭ5.205

ଷ ൅ ்ܭ15.307
ସ 	െ ்ܭ10.626

ହ    (17) 247 

 248 

 249 

4. Analysis of models performance to estimate hourly values 250 

 251 

Models described in section 3 have been applied to data from nine locations, presented in Table I, 252 

to estimate direct and diffuse solar irradiance firstly on an hourly basis. To evaluate the models 253 

performance, estimated, Ei, and measured, Mi, values have been compared by means of two 254 

classical statistical indicators, the root mean square error (RMSE) and the mean bias error (MBE) 255 

whose absolute (W/m2) and relative (%) values are defined by eqs. (18) and (19) respectively  [34]: 256 

 257 

ܧܵܯܴ ൌ ඩ
1

ூܰ
෍ሺܧ௜ െ 	௜ሻଶܯ

ே

௜ୀଵ

ሺ%ሻܧܵܯܴ																		 ൌ
100
〈௜ܯ〉

 ሺ18ሻ 258															ܧܵܯܴ

 259 

ܧܤܯ ൌ
1
ܰ
෍ሺܧ௜ െ ௜ሻܯ
ே

௜ୀଵ

ሺ%ሻܧܤܯ																													 ൌ
100
〈௜ܯ〉

 ሺ19ሻ 260																			ܧܤܯ

 261 
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where ‹Mi› is the mean value of the measured values sample for each particular hour in each day of 262 

the month and N is the number of data points. 263 

In Section 4.1, the models performance is analyzed by considering the whole data available for 264 

each location (overall performance) while in Sections 4.2 and 4.3 a more detailed analysis is made 265 

by considering different ranges of KT and α. 266 

 267 

4.1 Overall performance  268 

 269 

The performance analysis results are shown in the graphs of the Figure 1; each graph shows the 270 

relative RMSE (%) for the direct Bh and diffuse Dh solar irradiances for each model. Locations are 271 

indicated by letters: S (Santander), O (Oviedo), LE (León), VA (Valladolid), LL (Lleida), SA 272 

(Salamanca), M (Madrid), CC (Cáceres) and MU (Murcia).  273 
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 274 

Figure 1. RMSE values for the direct Bh and diffuse Dh solar irradiances obtained from six models 275 

and nine locations in Spain 276 

 277 

Results from Figure 1 show that the relative RMSE is higher for the diffuse component than for the 278 

direct one and that, for a specific component and location, there are no significant differences 279 

among models; concerning Bh, Santander and Oviedo, with abundant number of cloudy days, 280 
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present the worst performance while Lleida is in the opposite case. The highest errors are obtained 281 

for Santander and Louche (RMSE=33.7%, MBE=17.7%) and the lowest for Lleida and Erbs 282 

(RMSE=16.0%, MBE=0.2%). Based on the climate, the highest performance is for Bsk (16-18%) 283 

followed by Csa (17.7-18.4%), Bsh (17.7-22%), Csb (19.4-27.8%) and Cfb (25.8%-33.7%). 284 

Concerning Dh, RMSE exceeds 30% in all cases, the highest errors correspond to Caceres and 285 

Reindl2 (RMSE=47.0%, MBE=21.6%) and the lowest to Murcia and Lopez 286 

(RMSE=32.0%,MBE=-3.7%). RMSE and MBE errors for all combinations model-location are 287 

reported in Appendix A for the direct (Table A.I) and the diffuse (Table A.II) irradiances.   288 

 289 

The results obtained in the Figure 1 are consistent with the results of previous studies in the 290 

literature, which mostly use hourly data. In the next subsections, an analysis of models performance 291 

by sorting data in different ranges of KT and α is carried out. 292 

 293 

4.2 Performance of models for different ranges of KT 294 

 295 

Performance of models for different clearness index KT ranges, that is, for different cloudiness 296 

conditions is analyzed here. It have been considered those KT ranges established by authors in their 297 

original formulation (eqs. 7-17); three KT ranges have been taken for Erbs, Reindl1 and Reindl2 298 

models and two ranges of KT for Maxwell and Lopez models; Louche model does not differentiate 299 

among ranges of KT, however, performance in the same two ranges as Lopez model has been 300 

studied. Results obtained show that, in the case of the direct component Bh, all models present high 301 

values of RMSE for cloudy skies (low KT) which decrease significantly for clear skies (high KT). In 302 

the case of the diffuse component Dh, the behavior is the opposite; Figure 2 shows RMSE values 303 

for the Erbs model, taken as an example, for the nine studied locations and for three ranges of KT 304 

given in eq. (8) where K1, K2 and K3 correspond to cloudy, intermediate and clear skies, 305 

respectively.  306 
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 307 

 308 

Figure 2. . RMSE values for a) direct and b) diffuse solar irradiances obtained from the Erbs 309 

model for nine locations and three KT-ranges 310 

 311 

RMSE values shown in the Figure 2 are relative errors (in %) respect to the mean solar irradiance 312 

for each KT interval (eq. 18). Absolute errors are similar for both components, for example, for Erbs 313 

model and Madrid, in the case of Bh, the absolute errors for the ranges K1, K2 and K3 are 10.2, 54.3, 314 

79.2 W/m2, respectively while the corresponding errors for Dh are 11.4, 51.4, 77.4 W/m2; the high 315 

differences found in the relative errors are due to the different magnitude that present the direct and 316 

the diffuse radiation depending on the cloudiness condition. The analysis reported for Erbs model 317 

can be applied to the rest of models. 318 

 319 

In the case of models with two KT ranges the behavior is similar; Figure 3 shows the results for the 320 

Lopez model as an example; K1 and K2 correspond to cloudy and clear skies respectively; high 321 

RMSE values, more than 100%, are obtained for Bh in the case of cloudy skies as said above due 322 

mainly to the low magnitude of Bh for this type of sky; Lower errors of 29.6% and 16.2% for 323 
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Santander and Lleida, respectively, are obtained for clear skies. For Dh, the behavior is the opposite 324 

as already commented for Figure 2. RMSE and MBE values for all combinations model-location 325 

are reported in Appendix B (Table B.I) 326 

 327 

 328 

Figure 3. RMSE values for direct and diffuse irradiances for nine locations and two KT ranges 329 

corresponding to the Lopez model 330 

 331 

4.3 Performance of models for different ranges of solar altitude 332 

 333 

The models performance for different intervals of the solar altitude angle, α, is analyzed in this 334 

section. Four ranges for α have been taken: α<20º, 20º-40º, 40º-60º and α>60º. While for the diffuse 335 

component Dh, RMSE values are similar for all models and all α-ranges, errors depend significantly 336 

on α in the case of the direct component Bh: RMSE decrease when α increases for all models. Table 337 

II shows the RMSE values for both components, all models for Murcia as an example. The rest of 338 

locations present similar results. 339 

 340 

Table II. RMSE values obtained from the six studied models, four solar altitude angle ranges and 341 

for the direct Bh and diffuse Dh solar irradiancies (Murcia)  342 

 Bh Dh 

 (◦) <20 20-40 40-60 >60 <20 20-40 40-60 >60 

Reindl1 33.5 18.8 15.8 14.1 38.8 33.9 29 29.5 

Erbs 34.4 17.9 16.5 15.3 40 31 29.6 32.1 

Reindl2 30.3 18.1 15.3 13.1 33 32.2 31.1 32.4 

Maxwell 35.3 20.4 15.3 13.4 31.9 31.3 28.5 34.2 

Lopez 31.6 19.5 16.5 13.9 31.6 31.6 29.5 29 
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Louche 31.3 19.1 19.4 18.5 34.7 30.4 33.9 38.5 

 343 

 344 

Figure 4 shows another example, RMSE values for Oviedo and Louche model. It can be seen that 345 

errors for Dh present a small variation from 33.9% to 37.2% while for Bh, the variation is from 346 

42.1% for α < 20 to 24.1% for α > 60. RMSE and MBE errors for all combinations model-347 

location are reported in Appendix B (Tables B.II and B.III). 348 

 349 

Figure 4. RMSE values for the direct and diffuse irradiances obtained from Louche model for 350 

Oviedo. 351 

 352 

Conclusions from the analysis carried out in section 4 are that decomposition models estimating 353 

direct and diffuse horizontal solar irradiance on an hourly basis have a performance which depends 354 

on the sky condition and on the solar altitude angles. Figure 1 gives the overall performance, that is, 355 

by considering all type of data, results that are usually reported in the literature. More realistic are 356 

the Figures in subsections 4.2 and 4.3 which provide numerical values of errors that allow to decide 357 

in each particular situation where such models can be used and establish the corresponding errors 358 

that should be assumed. Finally, no discernible improvement can be appreciated between models 359 

that calculate Kd or Kb neither between univariate or bivariate models. 360 

 361 

5. Performance of models to estimate Monthly Average Hourly values 362 

 363 

In our previous analysis, it has been shown that, on an hourly basis, decomposition models do not 364 

offer an adequate accuracy to represent the behavior of the solar radiation components for all solar 365 

altitudes and cloudiness conditions. By other side, it is assumed that the use of several type of 366 

averaged values will improve performance. Averaged radiation values representing the climate of a 367 
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specific geographical area can be useful in applications as managing the efficient use of a solar 368 

energy installation [35-37] or carrying out climatic studies [38]. It will be shown that 369 

decomposition models can be applied in such cases to provide climatic values of direct and diffuse 370 

solar irradiance in locations where only the global one is measured. In this analysis, specifically, 371 

monthly average hourly (MAH) values have been chosen; the database was arranged so that all data 372 

available for a single month and a single hour, irrespective of the year, were utilized to determine a 373 

monthly mean hourly value [26, 39]. It will be assumed that the long-term average irradiation 374 

calculated from experimental data is not significantly different from the true climatological value 375 

[11]. 376 

  377 

The annual evolution of MAH values for global, direct and diffuse measured irradiances is 378 

represented in Figure 5a for Madrid taken as an example while in Figure 5b the direct component 379 

Bh is shown for five out of nine locations. Values from sunrise to sunset are represented. The other 380 

components and locations present a similar behavior; a smooth evolution can be observed from 381 

both Figures in which irradiance values, elaborated from experimental data, include all sky types. 382 

 383 

 384 
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 385 

Figure 5. a) Annual evolution of the monthly average hourly values of global Gh, diffuse Dh and 386 

direct Bh irradiances for Madrid obtained from measurements, b) Annual evolution of the monthly 387 

mean hourly direct irradiance Bh  for five locations in Spain obtained from measurements. 388 

 389 

A performance analysis similar to that carried out in section 4 for hourly values is done in the 390 

present section for a different time basis consisting in using MAH data; thus, an analysis of errors 391 

RMSE and MBE obtained for six models and nine locations has been also carried out. Figure 6 392 

shows a comparison between RMSE values obtained from MAH and hourly (H) values for all 393 

locations and both components Bh and Dh for Erbs model taken as an example. From this figure, the 394 

decrease of the errors when considering MAH values is significant for both components which 395 

support the idea that the use of MAH values is a time basis better than hourly values for the 396 

application of decomposition models; Figure 6 shows that for Bh, RMSE for MAH values vary 397 

between 6.4% and 16.3% corresponding to Lleida and Oviedo respectively; for Dh the variation is 398 

17.3% and 23.3% for the same locations. 399 
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  400 

 401 

Figure 6.  RMSE values for hourly (H) and monthly average hourly (MAH) values for a) the direct 402 

Bh and b) diffuse Dh solar irradiances for all locations and for Erbs model 403 

 404 

6. Proposal of a Kd-KT algorithm to estimate Monthly Average Hourly values  405 

 406 

Having into account the utility of decomposition models to estimate MAH values, a new algorithm 407 

is proposed in this section, which summarizes the main analyzed relationships Kd=f(KT, α) with the 408 

aim to be applied to a wide area in Spain. A preliminary study on the relationship between Bh and 409 

KT can be found in Perez-Burgos et al. [40]. Data described in Table I have been used in this study 410 

divided in two data samples; five locations, Oviedo, Lleida, Madrid, Caceres and Murcia have been 411 

used to develop the algorithm and the other four, Santander, Leon, Valladolid and Salamanca have 412 

been used for validation. MAH values of global, direct and diffuse solar irradiances have been 413 

calculated for the whole data set and for each location. The averaged values of global irradiance 414 

have been used to calculate averaged values of the clearness index KT by using the eq. (1). By 415 
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considering the main relationships found in the models studied in the section 3, a regression 416 

analysis over the experimental data has been carried out . The following expression has been 417 

obtained with a correlation coefficient R=0.94. 418 

 419 

ௗܭ ൌ 0.703 ൅ ௧ܭ0.427 െ ௧ଶܭ1.781 ൅  ሺ20ሻ 420																										ߙ݊݅ݏ	0.178

 421 

where Kd and KT are the monthly average hourly values of the diffuse fraction and clearness index 422 

respectively and α is the solar altitude angle for the 15th day of each month.  423 

 424 

 6.1 Validation of the proposed algorithm 425 

 426 

The estimated values of Kd by eq. (20) have been used to estimate MAH values of the diffuse and 427 

direct irradiances following the steps described in section 3. Estimated and experimental values are 428 

compared in Figure 7. This figure shows that the proposed algorithm fits in a high precision to the 429 

experimental data for the direct irradiance and to a lesser extent for the diffuse one. 430 

 431 

 432 

 433 

Figure 7. Comparison between monthly average hourly values, experimental and estimated by 434 

Equation (20), for a) the direct Bh and b) the diffuse Dh solar irradiances. Line 1:1 is represented in 435 

both graphs. 436 

 437 

In Figure 8, the annual evolution of the estimated and experimental MAH values for the direct solar 438 

irradiance is shown for each one of the four validation locations.  439 

http://dx.doi.org/10.1063/1.5016926


 

19 
 

 440 

 441 

 442 

Figure 8. Annual evolution of the monthly average hourly values of direct irradiance for the four 443 

locations used in the validation process. Curves obtained from measured and estimated values are 444 

compared.  445 

 446 

Estimated and experimental curves fit very well in general.  During the winter months, the 447 

predicted results were characterized of overestimation when compared to the measured data with 448 

difference less than 10%; The best performance of the model is obtained for summer time where 449 

predictions should be more useful due to the high level of available solar radiation. The maximum 450 

values of direct radiation, obtained in July at noon, are 517.4, 582.5, 642.7 and 638.5 W/m2 for 451 

Santander, Leon, Valladolid and Salamanca respectively; these values are predicted by the model 452 

with relative differences of 1.7, -0.2, 0.9 and -0.5 %; these low differences indicate the good 453 

accuracy of the model.  454 

 455 
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Figure 9 shows a comparison between RMSE values obtained from the Reindl2 model and the 456 

proposed algorithm to evaluate the differences in performance between both of them; RMSE is 457 

reduced by 3% and 12% for Bh and Dh respectively. Table III shows numerical values of RMSE and 458 

MBE obtained with the proposed algorithm for the four locations used for validation; for Dh, RMSE 459 

varies from 10.4 to 18.9% and MBE is below 16%. For Bh, percentage errors are considerably 460 

lower so that RMSE varies from 5.0 to 6.2% and MBE is below 1.6%. These low errors indicates 461 

that the algorithm given by eq.(20) improves the performance over the analyzed models and 462 

presents a high accuracy, mainly, to reconstruct climatic monthly average hourly values of the 463 

direct irradiance in Spain.  464 

 465 

 466 

Figure 9. Comparison between  RMSE values obtained by the proposed algorithm (eq. 20) and the 467 

Reindl2 model for the direct and diffuse irradiances and for the four locations used in the 468 

validation process. 469 

  470 

Table III. RMSE(%) and MBE(%) obtained for the four locations used to validate the proposed 471 

algorithm.  472 

 S LE VA SA 

RMSE Bh 5.0 5.0 5.0 6.2 

MBE Bh -1.6 0.2 0.2 -0.6 

RMSE Dh 10.4 11.7 18.9 15.7 

MBE Dh -7.1 4.3 -15.9 -10.8 

 473 

 474 

7. CONCLUSIONS 475 

 476 
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Determining the solar radiation components, direct and diffuse, is essential in design and 477 

performance studies of several solar energy applications. Radiation modeling is an important factor 478 

in the evaluation of solar energy resources in radiometric stations where no experimental data are 479 

available. This paper deals with the performance assessment of solar radiation decomposition 480 

models, which estimates the direct and diffuse solar radiation from the global one. High quality, 481 

long-term data of global, direct and diffuse solar irradiance provided by the National 482 

Meteorological Agency (AEMET) from nine locations in Spain have been managed in this work. 483 

An in-depth analysis has been carried out with the aim to evaluate the performance of six well-484 

known decomposition models, firstly, on hourly basis and, subsequently, on monthly average 485 

hourly basis. The analysis based on hourly data show that the model performance depends 486 

significantly on the clearness index KT and the solar altitude angle α. In the case of the direct 487 

irradiance, Bh, the lowest relative errors are obtained for clear days (high KT) and high solar altitude 488 

angles. For the diffuse component Dh, the behavior is the opposite with respect to KT while α has no 489 

influence on the performance. By other hand, for a specific location, no remarkable differences 490 

have been appreciated among models. 491 

The same models have been used to estimate monthly average hourly (MAH) values so that results 492 

show an increase of the performance with respect to that obtained for hourly values; this result has 493 

been valued positively in spite of the loss of time-resolution over the hourly data due to MAH data 494 

are very useful in many solar applications.  495 

Finally, a decomposition algorithm has been proposed by the expression (20) to estimate MAH 496 

values of direct and diffuse solar irradiances with a correlation coefficient of R=0.94. The proposed 497 

algorithm improves the estimations of the analyzed models; the interest of such estimations is to 498 

reconstruct climatic monthly average hourly values of direct and diffuse solar irradiance in 499 

locations where only global one is available.  500 

 501 
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Appendix A. Overall models performance: Tables 512 

 513 

Table A.I. Values of RMSE and MBE (absolute value in W/m2 and percentage) obtained from the 514 

comparison between estimated and measured data of direct solar irradiance, Bh, on hourly basis for 515 

six models and nine locations. 516 

 517 

Bh 
REINDL1 ERBS REINDL2 MAXWELL LOPEZ LOUCHE 

RMSE  MBE RMSE MBE RMSE MBE RMSE MBE RMSE  MBE RMSE MBE 

S 
W/m2 68.4 24.2 68.9 24.6 61.4 13.7 66.1 30.7 74.8 38.2 80.2 42.3 

(%) 28.7 10.2 28.9 10.3 25.8 5.8 27.8 12.9 31.4 16 33.7 17.7 

O 
W/m2 63 3.3 63.1 3.5 62.3 -5.1 65.1 6.9 66.2 16.5 68.2 20.3 

(%) 27 1.4 27 1.5 26.7 -2.2 27.9 3 28.3 7.1 29.2 8.7 

LE 
W/m2 59.8 14.9 61.1 14.6 59.3 1.6 60.2 18.7 69.5 33.9 71.1 34.8 

(%) 19.5 4.9 20 4.8 19.4 0.5 19.7 6.1 22.7 11.1 23.2 11.4 

VA 
W/m2 67.6 8.3 68.5 10 68.3 -2.5 72 9.3 71.8 23.5 75.7 29.4 

(%) 22.1 2.7 22.4 3.3 22.3 -0.8 23.5 3 23.5 7.7 24.7 9.6 

SA 
W/m2 77.8 10.3 79.1 10.8 78.4 -1.8 80.2 10.7 82.2 26.5 85.6 30.7 

(%) 25.3 3.3 25.7 3.5 25.5 -0.6 26 3.5 26.7 8.6 27.8 10 

LL 
W/m2 52 -4.6 50.8 0.5 55.1 -12.3 57 6.5 52.7 9.3 55.4 18.6 

(%) 16.4 -1.5 16 0.2 17.4 -3.9 18 2.1 16.7 2.9 17.5 5.9 

M 
W/m2 55.6 -15.3 54.3 -12 60 -24.5 61.5 -13.9 53.4 -1.2 54.9 6.2 

(%) 17.7 -4.9 17.3 -3.8 19.1 -7.8 19.6 -4.4 17 -0.4 17.4 2 

CC 
W/m2 59 -6.5 59.1 -4.1 62.8 -17.6 61 1.5 59.8 9 62.5 15.9 

(%) 17.3 -1.9 17.4 -1.2 18.5 -5.2 17.9 0.4 17.6 2.6 18.4 4.7 

MU 
W/m2 57.2 5 59 9.9 54.6 -4.9 57.2 13.3 58.4 18.2 68 28.5 

(%) 18.5 1.6 19.1 3.2 17.7 -1.6 18.5 4.3 18.9 5.9 22 9.2 

 518 

Table A.II. Values of RMSE and MBE (absolute value in W/m2 and percentage) obtained from the 519 

comparison between estimated and measured data of diffuse solar irradiance, Dh, on hourly basis 520 

for six models and nine locations. 521 

 522 

Dh 
REINDL1 ERBS REINDL2 MAXWELL LOPEZ LOUCHE 

RMSE  MBE RMSE MBE RMSE MBE RMSE MBE RMSE  MBE RMSE MBE 

S 
W/m2 58.6 -8.3 58.6 -8.7 56.1 2.1 55.4 -14.9 62 -22.3 66.2 -26.4 

(%) 34 -4.8 34 -5.1 32.6 1.2 32.2 -8.6 36 -13 38.5 -15.4 

O 
W/m2 59.1 0.3 59.4 0 58.9 8.6 60.4 -3.4 61.3 -13 63.7 -16.8 

(%) 35 0.2 35.2 0 34.8 5.1 35.8 -2 36.3 -7.7 37.7 -9.9 

LE 
W/m2 54.8 0.4 56.5 0.6 61.7 13.6 55.1 -3.5 58.6 -18.7 60.7 -19.5 

(%) 38.8 0.3 40.1 0.4 43.8 9.6 39.1 -2.5 41.6 -13.3 43.1 -13.9 

VA 
W/m2 57.3 13 56.9 11.2 63.9 23.8 63.1 12 56 -2.2 57.2 -8.2 

(%) 40.9 9.2 40.6 8 45.6 17 45.1 8.5 40 -1.6 40.8 -5.8 

SA 
W/m2 60.8 6.7 61.7 6.1 67.8 18.7 67 6.2 61.5 -9.6 63.5 -13.8 

(%) 42 4.6 42.6 4.2 46.8 12.9 46.3 4.3 42.5 -6.6 43.8 -9.5 

LL W/m2 52.5 11.2 50.4 6.1 56.4 18.9 54.8 0.1 50.9 -2.7 52.7 -12 
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(%) 36.9 7.9 35.5 4.3 39.7 13.3 38.5 0 35.8 -1.9 37.1 -8.4 

M 
W/m2 52.9 21.3 51.5 18 59 30.5 60.5 19.9 49.1 7.2 49.8 -0.3 

(%) 39.1 15.7 38 13.3 43.5 22.5 44.6 14.7 36.2 5.3 36.7 -0.2 

CC 
W/m2 53.7 17.4 53.4 14.9 62.1 28.4 56.3 9.3 50.7 1.9 52.1 -5 

(%) 40.7 13.2 40.4 11.3 47 21.6 42.7 7.1 38.5 1.4 39.5 -3.8 

MU 
W/m2 51 7.4 51.4 2.6 52.4 17.4 51.1 -0.9 49.4 -5.7 56.6 -16 

(%) 33.1 4.8 33.3 1.7 34 11.3 33.2 -0.6 32 -3.7 36.7 -10.4 

 523 

 524 

Appendix B. Model performance for different ranges of KT and α:Tables 525 

 526 

 527 

Table B.I. Values of RMSE and MBE (in percentage) obtained from the comparison between 528 

estimated and measured data of direct, Bh, and diffuse, Dh, solar irradiances on hourly basis for six 529 

models and nine locations by considering different clearness index ranges. 530 

 531 

  DIRECT Bh  DIFUSSE Dh

  RMSE (%) MBE (%) RMSE (%) MBE (%)

  K1 K2 K3 K1 K2 K3 K1 K2 K3 K1 K2 K3

S 

REINDL1 139.9 28.6 21.1 -53.2 9.8 17.8 10.2 33.6 52.7 5.5 -4.4 -34.8
ERBS 148.4 29 19.2 -69.9 10.1 15.3 10.9 33.7 48.4 6.5 -4.8 -26.8
REINDL2 241.9 26.2 11 -164.6 6.2 -0.8 16.8 32.3 46 12.2 0.6 24.9
MAXWELL 73.1 19.5 - 30.1 10.2 - 22.2 43.1 - -5 -13.3 -
LOPEZ 174.3 29.6 - 89.7 15.7 - 11.7 37.1 - -3.8 -13.8 -
LOUCHE 154.7 31.8 - 39.1 17.7 - 10.9 39.6 - -0.3 -16.8 -

O 

REINDL1 175.6 26.6 23.1 -80.9 1.1 16.9 27.1 34.4 61 13 0.5 -40.6
ERBS 179.8 26.7 21.5 -87.7 1.3 14.4 27.8 34.7 56.8 14.1 0.2 -33.3
REINDL2 221.6 26.6 15.5 -131.4 -2 -0.5 34.4 34.6 46.2 21 4.8 10.7
MAXWELL 63.2 19 - -0.7 3.8 - 26.3 48.5 - 1.7 -7.6 -
LOPEZ 163.7 26.5 - -8.8 7.2 - 22 37.2 - 1.9 -8.8 -
LOUCHE 154.1 27.3 - -27 9.1 - 20.8 38.8 - 4.4 -11.5 -

LE 

REINDL1 135.5 20.5 12.4 -59.3 4.7 5.8 10.3 37.7 58.4 5.1 0.2 0.4
ERBS 145.3 21.1 11.6 -74.6 5 3.5 11.1 38.9 60.5 6.3 -0.3 12.7
REINDL2 242.9 20.1 12.9 -164.9 1.9 -7.4 18.5 39.9 92.3 12.9 5.9 72.9
MAXWELL 57.5 15.6 - 10.3 5.7 - 24.8 49.6 - -1.3 -3.4 -
LOPEZ 149.4 22 - 51.4 11 - 12.6 42.8 - -3.3 -13.9 -
LOUCHE 128.7 22.6 - 16.8 11.3 - 11.2 44.3 - -0.4 -14.7 -

VA 

REINDL1 163.6 22.4 13.9 -58.5 2.6 5.3 14 40.5 59.2 7.2 9.4 4.2
ERBS 170.3 22.7 13.4 -73.6 3.3 3.1 14.6 40.2 62.3 8.2 7.8 16.9
REINDL2 243.8 22.6 14.4 -153.1 -0.5 -7 20 44.3 94.2 13.9 15.8 75.1
MAXWELL 57.5 18.7 - 8.1 2.5 - 27.3 58.9 - 2.7 13.8 -
LOPEZ 151.3 22.8 - 46.6 7.6 - 13.9 41 - -2 -1.6 -
LOUCHE 134.2 24 - 9.8 9.6 - 12.8 41.9 - 1.4 -6.3 -

SA 

REINDL1 144.7 26 15 -71 3.3 3.8 15 41.2 68.8 8 4.4 10.9
ERBS 149.9 26.5 14.8 -81.7 3.7 1.6 15.6 41.7 73.3 9.1 3.6 24.5
REINDL2 201.8 26 16.8 -140.3 0.2 -8.6 21.5 44.5 110.2 15.2 10.8 87.9
MAXWELL 68.4 20.4 - 6 3.2 0 29.8 59.5 - 2 6.3 -
LOPEZ 139.4 25.9 - 28.1 8.6 - 13.7 43.5 - -2.2 -6.9 -
LOUCHE 135.1 27 - -5.5 10 - 13.3 44.9 - 1.3 -10.2 -

LL 
REINDL1 110.9 16.3 23 -51.4 -1.6 17.6 7 36.7 61.3 4.3 8.2 -38.9
ERBS 116.4 15.9 21.3 -69.5 0 15.1 7.5 35.3 57.2 5.4 4.5 -31.4
REINDL2 215.5 17.4 14.3 -166 -3.9 0.8 13.6 39.6 48 11.2 13.3 12
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MAXWELL 49.1 14.4 - 16.4 0.6 - 23.5 47.7 - -5.9 4.3 -
LOPEZ 160.4 16.2 - 63.5 2.8 - 12.9 36.5 - -4 -1.8 -
LOUCHE 145.7 17.1 - 25 5.8 - 12.2 37.8 - -1 -8.8 -

M 

REINDL1 147.4 17.7 11.5 -56.5 -5.1 3 10.5 38.9 57.8 5.3 16.1 -6.2
ERBS 155.6 17.3 11.4 -72 -3.9 0.8 11.2 37.8 58.7 6.3 13.4 5.2
REINDL2 253.8 19 14.4 -174.4 -7.7 -9.6 17.7 42.9 81.8 12.9 22.1 60.4
MAXWELL 45.7 15.2 - -4.8 -4.4 - 28.8 56 - 7.6 20.8 -
LOPEZ 136.9 16.4 - 25.2 -0.5 - 14.2 37.3 - -0.5 5.7 -
LOUCHE 122.9 16.8 - -4.5 2 - 13.1 37.9 - 2.5 -0.4 -

CC 

REINDL1 138.6 17.7 10.2 -63.5 -2.2 2.5 11.3 40.3 60 5.8 13.2 14.4
ERBS 146.4 17.7 10.1 -76.9 -1.3 0.3 12.1 39.9 65.9 6.9 11 28.4
REINDL2 227.7 18.6 13.4 -158.3 -4.9 -9.3 19.2 45.2 107.4 13.5 20.1 91
MAXWELL 51.4 14.3 - 3.6 0.1 - 27.4 52.9 - 2.2 10.7 -
LOPEZ 131.2 17.1 - 26.6 2.6 - 12.9 39.5 - -1.4 1.6 -
LOUCHE 125.1 17.9 - 5.8 4.7 - 12.3 40.5 - 0.6 -4 -

MU 

REINDL1 154.3 18.5 14.4 -66.9 1.5 7.8 15.2 32.9 55.3 7.7 5 -19.2
ERBS 160.4 19.1 13.4 -78.9 3.2 5.5 15.9 33.1 53.3 8.7 1.7 -9.3
REINDL2 230.9 17.6 13 -151.8 -1.5 -5.4 22.1 33.6 63.3 15.2 11 38.1
MAXWELL 47.9 14.4 - 10.9 3.5 - 24.4 38.4 - -0.8 -0.4 -
LOPEZ 143.2 18.4 - 36.3 5.8 - 14.6 32.5 - -1.9 -3.8 -
LOUCHE 127.2 21.4 - 1.2 9.2 - 13.5 37.3 - 1.6 -10.9 -

 532 

 533 

Table B.II. Values of RMSE and MBE (in percentage) obtained from the comparison between 534 

estimated and measured data of direct solar irradiance, Bh, on hourly basis for six models and nine 535 

locations by considering different solar altitude angle ranges. 536 

 537 

(º) 
DIRECT Bh

RMSE (%) MBE (%)  
<20 20-40 40-60 >60 <20 20-40 40-60 >60 

S 

REINDL1 40.4 27.7 24 23.9 0 7.7 12.1 13.3 
ERBS 41.5 27.4 24.2 24.4 -2.9 8.4 12.5 13.2 
REINDL2 41.1 26.2 21.3 20.5 8.9 7.2 5.3 3.4 
MAXWELL 51.9 32.6 22 18.2 29.8 19.1 10.2 3 
LOPEZ 48.8 34.5 25.5 23.2 23.2 18.4 14.7 12.7 
LOUCHE 42.7 31.3 28.6 28.5 7.1 15.8 19.7 20.3 

O 

REINDL1 41.7 26.8 22.7 21.8 -6.9 -0.8 4.3 3 
ERBS 43 26.2 22.9 22.2 -9.4 -0.2 4.6 2.7 
REINDL2 40.3 25.9 22.2 22.7 1.3 -0.2 -2.4 -7.1 
MAXWELL 46.2 28.2 22.1 23.9 19.5 9.5 -0.3 -10.5 
LOPEZ 45.7 29 23.6 22.1 14.7 8.7 6.5 1.8 
LOUCHE 42.1 27.6 25.4 24.1 -0.2 6.9 11.6 9.6 

LE 

REINDL1 27.9 19.2 16.6 15.6 -5.2 4.3 6.8 6 
ERBS 27.9 19.1 17.1 16.3 -4.6 5.3 6.1 4.8 
REINDL2 26.9 19.1 16.4 15.7 3.3 3.9 -1.1 -3.7 
MAXWELL 32.3 22 15.2 14.6 19.2 12.5 3.1 -5.1 
LOPEZ 31 23.6 19.3 16.8 11.7 12.8 10.8 8.2 
LOUCHE 28 22.1 20.2 19 2.4 11.6 12.8 11.6 

VA 

REINDL1 37.6 25.3 19.1 14 -7.8 2.9 4.3 2.7 
ERBS 38.6 25.1 19.3 14.7 -9.1 4.4 4.9 2.4 
REINDL2 35.8 25.3 18.9 15.2 0.6 3.8 -1.6 -5.8 
MAXWELL 41.3 28 18.5 16.6 19.3 12.8 0.3 -9.2 
LOPEZ 39.9 27.9 20.2 14.2 10.9 11.4 7 3.3 
LOUCHE 37.8 27.3 21.7 16.4 -1.1 10.8 11.1 8.5 

SA  REINDL1 40.8 27.2 21.9 17.5 -6 2.9 5 3.7 
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ERBS 41.5 27.2 22.2 18.2 -7 4 5.1 3.1 
REINDL2 39.1 27.2 21.9 18.2 1.8 3.3 -1.5 -5.1 
MAXWELL 44.1 29.6 21.2 18.6 18.3 11.8 1 -7.9 
LOPEZ 45.2 29.9 22.9 17.6 12.6 11.4 8 4.7 
LOUCHE 41 29.1 24.3 19.9 0.7 10.4 11.5 9.5 

LL 

REINDL1 30 17.9 13.5 11.7 -11 -1.7 -0.3 -0.4 
ERBS 30.2 16.8 13.2 11.9 -12.5 0.6 1.6 0.7 
REINDL2 26.9 17.3 14.2 14.2 -2.4 -0.2 -4.8 -8 
MAXWELL 32.7 19.8 12.8 15.2 18.7 11 -1.1 -10 
LOPEZ 29 18.9 13.5 11.5 7 6.2 1.9 -0.9 
LOUCHE 27.8 18.3 14.7 13 -4.7 6.4 7.1 6.1 

M 

REINDL1 36 20.5 14.3 11.3 -19.4 -7.8 -2.3 -0.8 
ERBS 37.1 18.9 13.9 11.9 -21.6 -6.1 -0.8 -0.3 
REINDL2 31.1 19.5 16 14.5 -11.5 -6.9 -7.3 -8.8 
MAXWELL 28.3 17.7 15.4 18 6.7 1.9 -6.2 -13.6 
LOPEZ 29.8 19 14.2 11.3 -2 -0.1 0 -0.9 
LOUCHE 32.8 18.1 14.6 12.7 -13.9 -0.4 4.7 5.4 

CC 

REINDL1 33.9 18.8 14.9 11.8 -14.6 -4 0.5 0.6 
ERBS 33.9 17.6 15.1 12.5 -15.3 -2 1.2 0.2 
REINDL2 29.8 18.1 16.1 14.3 -6.9 -2.9 -5.1 -7.5 
MAXWELL 30.2 18.4 14.7 14.4 11.8 6.7 -1 -8.5 
LOPEZ 30.9 19 15.4 11.9 1.6 3.5 3.1 1.1 
LOUCHE 31.2 18.1 16.4 13.5 -8.3 3.5 7 6.2 

MU 

REINDL1 33.5 18.8 15.8 14.1 -12.2 -2.2 4.1 5.9 
ERBS 34.4 17.9 16.5 15.3 -15.2 -0.1 6.2 7.3 
REINDL2 30.3 18.1 15.3 13.1 -3.6 -1.1 -1 -2.4 
MAXWELL 35.3 20.4 15.3 13.4 17.9 10.2 3.2 -4.4 
LOPEZ 31.6 19.5 16.5 13.9 7 5.6 6.4 5.2 
LOUCHE 31.3 19.1 19.4 18.5 -6.5 5.8 12 13.1 

 538 

 539 

 540 

Table B.III. Values of RMSE and MBE (in percentage) obtained from the comparison between 541 

estimated and measured data of diffuse solar irradiance, Dh, on  hourly basis for six models and nine 542 

locations by considering different solar altitude angle ranges. 543 

 544 

(º) 
DIFUSSE Dh

RMSE (%) MBE (%) 
<20 20-40 40-60 >60 <20 20-40 40-60 >60 

S 

REINDL1 33 30.6 30.8 34.4 9.5 -0.6 -9.2 -13.8 
ERBS 34.2 29.6 30.9 35.4 11.9 -1.4 -9.8 -13.6 
REINDL2 31.3 29.1 29.8 32.7 2 0.1 1.4 3.1 
MAXWELL 35.8 33.2 27.9 28.3 -15.6 -14.7 -6.2 3.9 
LOPEZ 34.4 36.2 32 32.9 -10 -13.8 -13.2 -12.6 
LOUCHE 32.6 32.2 35.8 40.6 3.5 -10.6 -20.9 -25.7 

0 

REINDL1 37.4 33.7 31 33 11.9 3.6 -4.6 -5.2 
ERBS 38.6 32.8 31.4 34 14.2 2.8 -5 -4.7 
REINDL2 34.9 32.6 31 34.4 4.3 2.8 5.3 11 
MAXWELL 38.3 34.7 30.3 36 -12.6 -10.2 2.2 16.4 
LOPEZ 37.9 35.7 32.1 33.3 -8.1 -9.1 -7.9 -3.3 
LOUCHE 36.4 33.9 34.7 37.2 5.7 -6.6 -15.3 -15.9 

LE 
REINDL1 42.5 34.6 36 38.2 21.8 1.6 -5.9 -5 
ERBS 41.1 33.6 37.9 41.4 21 -0.3 -4.5 -1.7 
REINDL2 36 36.3 42 46.3 9.4 2.4 12.8 21.1 
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MAXWELL 37 36.1 33.8 42.2 -13.7 -14.7 2.9 24.8 
LOPEZ 37.5 39 39.4 37.8 -2.8 -15.2 -15.5 -11.1 
LOUCHE 37.4 36.2 41.7 43.8 10.8 -12.8 -20.3 -20.1 

VA 

REINDL1 49.2 38.9 37.1 38.8 27.7 10.4 4.5 4.7 
ERBS 49.7 36.5 36.9 41.3 29.4 7.7 2.9 5.5 
REINDL2 42.6 38.4 42.4 50.8 17.1 8.9 18.8 31.1 
MAXWELL 38.6 36.3 38.9 57 -6.5 -7.3 14.1 41.8 
LOPEZ 41.2 37.8 37.1 38.2 4.1 -4.8 -2.1 2.7 
LOUCHE 44.4 36.3 38.2 41.3 19.3 -3.8 -12 -13.7 

SA 

REINDL1 45.3 39.9 38.7 40.6 20.2 4.5 0.7 2.3 
ERBS 45.7 39 39.6 43.3 21.4 2.6 0.4 4.3 
REINDL2 41.4 40.2 44.3 51.7 10.4 3.8 16.3 29.1 
MAXWELL 42.2 40.7 40.1 55.5 -10 -11 10.3 38 
LOPEZ 42.8 41.6 39.3 39.5 -2.9 -10.4 -6.4 -0.7 
LOUCHE 42.4 40.1 41.6 43.9 11.8 -8.6 -14.8 -15.2 

LL 

REINDL1 42 33.9 34.2 35.9 23.8 8.2 3.9 3.9 
ERBS 42.2 30.6 33 36.6 25.6 3.9 -0.8 0.4 
REINDL2 35.1 32.3 37.3 45.2 13.1 5.4 15.4 27.1 
MAXWELL 34.6 33.3 32 47.7 -13.1 -15.8 6 33.4 
LOPEZ 34.7 33.2 33.5 35.3 1.4 -6.7 -1.4 5.5 
LOUCHE 37.1 31.6 35.5 38.5 15.9 -7.1 -14.6 -16.3 

M 

REINDL1 50.8 40.2 34.1 32.5 34.2 20.1 9.6 6.2 
ERBS 52.6 36.8 33.1 34.3 37.2 16.5 5.9 4.8 
REINDL2 42.5 38.2 40.3 45 23.5 18.1 22.7 30.7 
MAXWELL 33.5 32.8 39.1 56.9 -1.2 0.2 19.9 45.5 
LOPEZ 37.9 35.4 33.3 32.6 10.6 4.4 3.7 6.6 
LOUCHE 45.2 33.7 33.4 35 26.8 4.9 -8.5 -12.7 

CC 

REINDL1 52.2 40 36.3 36.3 32.9 15.8 7.1 7 
ERBS 52 36.4 36.7 39.4 33.9 11.4 5.2 8.2 
REINDL2 43.6 38.7 44.2 51.2 21.1 13.5 22.8 34.8 
MAXWELL 36.5 35.1 36.7 51.5 -7.6 -8.4 11.3 38 
LOPEZ 41.2 37 35.6 35.5 8.1 -1.1 -0.4 5.3 
LOUCHE 45.5 34.9 37.1 38.3 23.3 -1.2 -11.1 -12.2 

MU 

REINDL1 38.8 33.9 29 29.5 21.3 12 -0.8 -6.8 
ERBS 40 31 29.6 32.1 24.5 8.1 -5.2 -10.2 
REINDL2 33 32.2 31.1 32.4 12.1 10.1 10.3 14.4 
MAXWELL 31.9 31.3 28.5 34.2 -11.1 -10.9 1.2 19.4 
LOPEZ 31.6 31.6 29.5 29 0.6 -2.3 -5.7 -5.1 
LOUCHE 34.7 30.4 33.9 38.5 15.2 -2.8 -17.7 -24.8 

 545 

  546 
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