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Abstract

A very important factor in the assessment of solar energy resources is the availability of direct irradiance
data of high quality. Nevertheless, this quantity is seldom measured and thus must be estimated from measures
of global solar irradiance, a quantity that is registered in most radiometric stations. In this work we analyze
the results provided by different models in the estimation of hourly direct irradiance values. We have selected
several models proposed by Orgill and Hollands, Erbs et al., Reindl et al., Skarveit and Olseth, Maxwell,
and Louche et al. With the exception of the model from Louche et al. that estimates direct irradiance values
from direct transmittance values, all of the models estimate direct irradiance from the diffuse fraction. The
data set used in this study comprises 25 000 hourly values of global and diffuse irradiance. These values
were registered in six Spanish locations with different climatic conditions. The results provided by the model
depend on the clearness indéy,and the solar elevation. The best results are obtained for cloudless skies
and higher solar elevation. In those conditions we can estimate the direct irradiance with a root square mean
error close to 14% of the average measured value. We have estimated the direct irradiance under cloudless
sky conditions using a parametric model proposed by Igbal. In order to analyze the effect of turbidity on
the estimation of direct irradiance we have compared the results obtained by the parametric model when
using hourly values of the Angstrom turbidity paramegiewith those obtained when using monthly means
of hourly values of8. 00 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Most solar energy applications such as the simulation of solar energy systems require, at the
least, knowledge of hourly values of solar radiation on a tilted and arbitrarily oriented surface.
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Knowledge of direct irradiance is important in applications where the solar radiation is concen-
trated, either to raise the temperature of the system, as in solar thermal energy technologies, or
to increase the intensity of the electric current in solar cells, as in solar photovoltaic systems. To
evaluate the concentrating systems used in solar thermal electric systems, it is necessary to know
the intensity of direct insolation as this is the only component of solar radiation that can be concen-
trated.

We can estimate direct irradiance with two different kinds of models, atmospheric transmittance
models and models that calculate the decomposition of global irradiance in its components.
Atmospheric transmittance models require detailed information of atmospheric parameters like
atmospheric turbidity, precipitable water content and cloud cover [1,2]. On the other hand,
decomposition models try to estimate direct and diffuse irradiance from global irradiance data
[3-8].

Decomposition models are based on the correlations between the clearnessir{gebal
irradiance/horizontal extraterrestrial irradiance) and the diffuse fractigp, (diffuse
irradiance/global irradiance) or the direct transmittankeg,(direct irradiance/extraterrestrial
irradiance). Orgill and Hollands [3], Erbst et al. [4], and Reindl et al. [6] have estimated the
hourly diffuse fraction using the clearness index following the work by Liu and Jordan [9]. Some
authors [5,6,10-12] have shown that the diffuse fraction depends also on other variables like the
solar elevation, temperature and relative humidity. When we estimate the diffuse fraction from
k—k; correlations, the direct irradiance is obtained from the following equation:

I=G(1—K)/sinx (1)
whereG is the global radiationg is the solar elevation angle, akds the hourly diffuse fraction.
k=G/D (2)

whereD is the diffuse radiation.

Other authors [13,14] have estimated the direct irradiance by medgskptorrelations. They
have found that the solar elevation is an important variable in this type of correlation. When
working with these models direct irradiance is estimated with the following definition of direct
transmittance:

I=kplo 3)

wherel, is the extraterrestrial irradiance.

In this work we will evaluate several models used to estimate hourly values of direct irradiance.
We will estimate direct irradiance from diffuse fraction values [3—6] or from direct transmittance
values [8] and we will use also a quasi-physical model [7]. These models will be evaluated under
all sky conditions with different solar altitude values. Finally, the results obtained by these models
will be compared with the results obtained under cloudless skies by a parametric model proposed
by Igbal [15]. Cloudless sky conditions are very important when estimating solar energy resources
for solar concentrating systems, the type of system that usually requires information on direct
radiation, as this is the only component of solar radiation that can be concentrated.
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2. Data set

Table 1 shows the geographical locations and the date of the measurements used. In order to
exclude data affected by the enhancement of stratospheric aerosols following volcanic eruptions
like that of ElI Chichon and Mt. Pinatubo, we have limited the data used. In the case of Oviedo
only the first semester of 1991 has been used. The stations are located in areas characterized by
different climatic conditions; there are coastal locations, such as Admand inland locations
with different climatic conditions. For the different locations we found rather different cloud
regimes. The measurements include horizontal solar diffuse and global irradiance by means of
pairs of Kipp and Zonenn pyranometers, one with a polar axis shadowband and another without
it. At Granada and Alméa stations, CM-11 pyranometers have been used, while the other radio-
metric stations use CM-5 pyranometers. Other measurements included afa\bmerGranada
stations are the air temperature and relative humidity at screen level. Hourly values have been
obtained for all the variables. Analytical checks for consistency of measurements were carried
out to eliminate problems associated with shadowband misalignments and other questionable data.
Due to cosine response problems, we have used only cases with solar elevation angles of more
than 5. A rough estimate of the cosine response of our pyranometer indicates that the error is
below 2% for a solar elevation of 10The diffuse irradiance, measured by shadowband, has been
corrected using the model developed by Batlles et al. [16]. Direct irradiance values used in this
work have been obtained from hourly values of global and corrected diffuse irradiance.

3. Selected models

The models that we have selected cover the different methods available to estimate the direct
irradiance. The models proposed by Orgill and Hollands [3], Erbs et al. [4], and Reindl et al. [6]
estimate the direct irradiance usikgk; correlations. The model developed by Reindl introduces
the solar elevation angle as a new variable in the model. The model proposed by Skarveit and
Olseth [5] estimates also the irradiance frgnand the solar elevation, but the equations proposed
are more complex than those proposed by Reindl. The model proposed by Louche [8lkyses a
k. correlation and has been selected because it i&tHe model with the best performance [17].

The model proposed by Maxwell [7] combines a clear sky model with experimental fits in other

Table 1
Geographical locations and date of the measurements

Latitude Longitude Altitude N Year

(m.a.s.l)

Almeria 36.83N 2.4TW 0 8117 1994-1996
Granada 37.18 3.58W 660 7354 1994-1995
Logrofo 42.47N 2.69W 373 1529 1991
Murcia 38.00N 1.67W 69 856 1987
Oviedo 43.38N 5.36W 348 3382 1991

Madrid 40.45N 3.75W 664 2267 1983-1985
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conditions. We have also selected a parametric model that we will use to evaluate the performance
of the empirical models under cloudless sky conditions. We have chosen the Igbal C model. This
model has been tested by Batlles et al. [18] and is among the best models for estimating the
direct irradiance under cloudless skies. The models have been tested using data from six Spanish
locations with different climatic conditions.

The different models read as follows:

3.1. Orgill and Hollands
Orgill and Hollands [3] estimated the diffuse fraction usiq@s the only variable. They used

global and diffuse irradiance values registered in Toronto (Canad&N)3@® validate the model.
The correlation is given by the following equations:

k=1.0-0.24%, k<0.35 (4)

k=1.577-1.84, 0.35=k=0.75 (5)

k=0.177 k>0.75 (6)
3.2. Erbs et al.

As the correlation used by Orgill and Hollands to estimate the diffuse fraktiwware derived
from data registered at a high latitude station, Erbs et al. [4] studied the same kind of correlations
with data from five stations in the USA with latitudes betweefi 8td 42.

In each station hourly values of normal direct irradiance and global irradiance on a horizontal
surface were registered. Diffuse irradiance was obtained as the difference of these quantities. The
diffuse fraction is calculated using the following equations:

k=1-0.0%, k=0.22 (7)
k=0.9511-0.1604+4.38&K?—16.63&3+12.33&? 0.22<k.=0.8 (8)
k=0.165 k>0.8 (9)

3.3. Reindl et al.

Reindl et al. [6] estimated the diffuse fractiok, using two different models developed with
measurements of global and diffuse irradiance on a horizontal surface registered at five locations
in the USA and Europe. The first model, that we have named Reindl-1, estimates the diffuse
fraction using the clearness index as input data. The model is given by the following equations:

k=1.020-0.24% k=0.30 (10)
k=1.450-1.67% 0.30<k<0.78 (11)
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k=0.147 k=0.78 (12)

The second correlation, the Reindl-2 model, estimates the diffuse fraction in terms of the clear-
ness index and the solar elevation. The equations obtained are the following:

k=1.020-0.254,+0.0123 sinr  k=0.30 (13)
k=1.400-1.74%+0.177 sin  0.30<k.<0.78 (14)
k=0.486—0.182 sine  k=0.78 (15)

3.4. Skartveit and Olseth
Skartveit and Olseth [5] estimated direct irradianicdrom global irradiance(s, and from the
solar elevation angle with the following equation:
I=G(1-P)/sincx (16)
where® is a function ofk, and the solar elevation in degrees. This function is detailed below:

If ke<<k,

d=1 (17)
where

k,=0.2

If k,=k=1.0%,

d=1-(1—-d,)(ak¥?*+(1-a)k?) (18)
where

k,=0.87—-0.56 exp{-0.06x) (19)

d,=0.15+0.43 exp(-0.06x) (20)

a=0.27

k=0.5(1+sin[z(a’/b’—0.5)]) (21)
where

a'=k—k, (22)

b'=ki—k, (23)

If k>1.0%, (24)

d=1—(1.0%,(1-&)/k) (25)
where

E=1—-(1—-dy)(ak*>+(1—a)k'?) (26)
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where

k'=0.5(1+sin[z(a"/b’ —0.5)]) (27)
where

a’'=1.0%,—k, (28)

Note that the authors of this model indicate that some of the constants may have to be adjusted
for conditions deviating from their validation domain. This task is not undertaken here.

3.5. Maxwell model

The Maxwell model [7] is termed as ‘quasi-physical’ as it combines a physical clear model
with experimental fits for other conditions.

I=1{ Knc—[A+B expMmQ]} (29)
wherel, is the extraterrestrial irradiance akg. is a function of the air massn, given by:

K..=0.866-0.122n+0.0121*—0.000653+0.0000 14" (30)
and whereA, B, andC are functions of the clearness indé, given below:

k=0.6

A=0.512-1.56+2.28&k2>—2.22Xk? (31)

B=0.370+0.96%, (32)

C=-0.280+0.92%,—2.04&? (33)

k>0.6

A=—-5.743+21.7k—27.4%?+11.56¢ (34)

B=41.40-118.%,+66.0%?+31.9%k3 (35)

C=-47.01+184.%—222.k?+73.8k? (36)

3.6. Louche et al.

Louche et al. [8] used the clearness indteto estimate the direct transmittance. The correlation
is given by the following equation:

k,=—10.62k?+15.30k{—5.205%3+0.994?—0.05%,+0.002 (37)

To develop the correlation they used global and direct irradiance data registered at Ajaccio
(Corsica, France) between October 1983 and June 1985. They used a pirheliometer (model NIP,
Eppley) to measure direct irradiance and a pyranometer (model CM-5, Kipp & Zonen) to measure
global irradiance.
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3.7. Igbal model C

This model is described in Igbal [16]. The beam irradiance for model C reads as follows:
1=0.9751,7,7,74T T (38)

where the factor 0.9751 shows that the spectral interval considered is 300-300(Q isnthe
extraterrestrial irradiance at normal incidence, apd,, 7., 7, andz, are the ozone, gas, water,
Rayleigh and aerosols scattering transmittances, respectively.

The horizontal diffuse irradiance at ground levé@)(is a combination of three individual
components corresponding to the Rayleigh scatteribyy, the aerosols scatterindp{) and the
multiple reflection processes between ground and Bky):(

0.79,8IN 0T, T4 Ty TaD.5(1-7)

o (1-m+m?) 9
0.79.SIN 0T Ty Ty Tad (1-T09

D.= g 40

(1-m+mL?) (40)
| sina+D,+D '

Dm:( sina+D, , DPgPa (41)

1-pgpa
The aerosol transmittance is calculated from the visibility [19].
7,=[0.97—1.265(Vis)°-6qma° (42)

As visibility was not measured at our meteorological stations we estimated it using the relation-
ship proposed by Mzhler and Igbal [20]

VIS=147.994-1740.523Bx—(8>x*—0.176x+0.011758)9 (43)
where
X=0.55%a

o, andfB are the Angstrom turbidity parameters. We have used 1.3 as the valug afvalue
widely acceptedp is calculated using the Linke turbidity factdy following the equation pro-
posed by Dogniaux (also given in Page [21])

85+
TL—(W+O.1>+(16+0.2M)ﬁ (44)
wherea is the solar elevation in degrees awds the precipitable water content in cm.

The Linke turbidity factor,T,, is defined as the number of Raleigh atmospheres (an atmosphere
clear of aerosols and without water vapor) required to produce a determined attenuation of direct
radiation. This is calculated using the following equation:

11,
sy (45)

TL:
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wherel is the beam irradiance, is the extraterrestrial irradiancey, is the relative optical mass
and oy, is the Raleigh optical thickness, obtained using Kasten’s formula [22].

The ozone and water vapor transmittances are calculated by means of their respective absorpt-
ances [23]. For other parameters we use the values recommended by the author [15]. The inter-
ested reader can consult the original text of the author [15] for a complete explanation of the
model.

In order to analyze the effect of turbidity on the estimation of direct irradiance we have worked
with two different versions of the Igbal model. In the first version we use hourly values of the
Angstrom turbidity paramete (Igbal C-1), in the second version we use monthly means of
hourly values off (Igbal C-2).

4. Model performance

In Table 2, the database frequency distribution is given in terms of the clearnessknded
the solar elevation. The models’ performance was evaluated using the root mean square error
(RMSE) and the mean bias error (MBE). These statistics allow for the detection of both the
differences between experimental data and the model estimates and the existence of systematic
over- or underestimation tendencies, respectively. Table 3 shows the statistical results of the differ-
ent models as functions of the solar elevation and the clearness kd&ke results obtained in
the rangek,<0.24 are not significant as this range comprises just 2% of the data.

For values ofk, over 0.24 and under 0.45 all the models estimate the direct irradiance with a
RMSE over 60% for all solar elevations. Except the model from Louche and Reindl-1 the rest
of the models overestimate the results in this interval for solar elevations oveGhibally, the
model that gives the best results is the model proposed by Louche et al. [8]. In this interval all
the models give quite poor results due to the fact that partially cloudy skies are the prevailing
weather conditions in this category and the clearness index is not suitable to parameterize the
effect of the clouds on direct irradiance.

In the range 0.45k,<0.75 the models improve their RMSE and MBE. We have also found
that the RMSE decreases with the increase of solar elevation. In the Louche and Reindl-2 models,
the MBE increases with an increase of solar elevation, whereas in Maxwell’s model the opposite
happens. The models from Orgill and Holland and from Skartveit show no tendency. In this
interval for solar elevations over 20the decomposition models estimate the direct irradiance
with a RMSE of about 17% and with a MBE that depends on the model.

Table 2

Number of occurrences as a function of the clearness irkljeand solar elevation

K, <20° 20-30 30-40 40-50 50-60 >60° All
0.00-0.24 374 144 84 29 11 11 653
0.24-0.45 1618 749 499 302 182 181 3531
0.45-0.75 2783 3777 3305 2547 2022 2107 16541
0.75> 92 161 322 418 729 1058 2780

All 4867 4831 4210 3296 2944 3357 23505
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The models obtain their best results for valuekobver 0.75 and solar elevations over°40
In these intervals decomposition models estimate direct irradiance with a RMSE of about 10%,
for the model Igbal C-2 is about 14%, and for the model Igbal C-1, about 3%. Most decomposition
models have no significant MBE, with the exception of the model proposed by Skarveit and the
Reindl-2 model that underestimate the results by 8%. The Igbal C-2 model underestimates the
results by 10% but the Igbal C-1 model's MBE is almost zero. As expected, the Igbal C-1 model
gives the best results in cloudless conditions, probably because it has detailed information of the
turbidity coefficient3. Nevertheless, when we use monthly values of the turbidity coefficient, the
results worsen [24,25], a higher RMSE, 14% and MBE%. These results show that if the
precise information about turbidity is not available, decomposition models are a good choice to
estimate direct irradiance under cloudless skies. In these conditions the results provided by both
types of model are similar and decomposition models are much simpler.

The Maxwell, Reindl-2 and Louche models give the best results. Taking into account the com-
plexity of the model proposed by Maxwell, and the fact that in the Reindl-2 model one has to
take threek, intervals to characterize the state of the sky, and these intervals depend on the
location, we recommend the use of the model proposed by Louche to estimate the direct irradiance.

If we analyze the overall performance of the models we can observe that the RMSE has a
minimum value of 20% and the RMSE is similar for all the models (Table 4). From this fact we
can conclude that if we want to derive better models we should include more variables.

Fig. 1 shows the scatter plot of direct irradiance values estimated by the Louche model vs.
measured direct irradiance values for different solar elevations. For lower solar elevations the
model overestimates the measurements and the points are placed below the perfect fit line 1:1.
When the solar elevation increases this deviation tends to disappear. For higher values of direct
irradiance, values related to cloudless sky conditions, and for higher solar elevations there is a
smaller dispersion of the points and they tend to be closer to the perfect fit line. We observe that
for lower values of direct irradiance, values related to cloudy sky conditions, the points are very
dispersed. This greater dispersion is due to the fact that the clearness index is not suitable to
parameterize the effect of the clouds on direct irradiance.

Table 4
Statistical results for the different models

MBE (%) RMSE (%)
Louche model 1 21
Maxwell model 0 20
Orgill-Hollands model -6 22
Erbs model —4 22
Reindl-1 model -5 22
Reindl-2 model -1 20

Skarveit model -9 21
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Fig. 1. Measured vs. modeled direct irradiance for different solar elevations using the Louche model.
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5. Conclusions

In this work we have estimated hourly values of direct irradiance by means of decomposition
models. The results provided by these models under cloudless skies have been compared with
those provided by an atmospheric transmittance parametric model. The best results provided by
the decomposition models are for high values of the clearness index, that is, cloudless skies and
high solar elevations. These are the prevailing conditions for solar concentrating systems. In such
conditions the model proposed by Louche et al. estimated the direct irradiance with a 10% root
mean square error, the Igbal C-1 RMSE was close to 4% and the Igbal C-2 RMSE was 14%.
The Louche and the Igbal C-1 models had no significant mean bias error and the Igbal C-2 model
had a 10% underestimation of the measured direct irradiance. We can conclude that when we have
precise information of the turbidity coefficient the best model is the parametric model. However, if
there is no turbidity information available the decomposition models are a good choice.
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