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Abstract

The synthetic generation of hourly global horizéiteadiation (GHI) series allows the estimation suflar
radiation potential by allowing the filling of gajgs records of daily or hourly values. In additi@ynthetic
generation of GHI can provide an increase of e tiesolution of measured (or estimated) GHI series

Unfortunately, since GHI synthetic generation sceemare based on the use of random numbers, they
provide different global irradiation values in eaggneration. Consequently, synthetic GHI serieegead
from the same set of initial data can exhibit di#f@ annual values. This variation is transferred a
amplified in the estimation of direct normal irration (DNI) through synthetically generated GHlisgr

In this article, generation of a number of artdicseries of hourly GHI and DNI is carried out hwéstigate
and quantify their annual variability. Annual vasuef GHI and DNI generated series are compared with
measured ones provided by the Spanish Agency faedielogy (AEMET) in Madrid, Murcia, Valladolid
and Corufia (Spain). The results of this study @gis that synthetic generation of solar irradiasenes
must be used as a procedure to obtain hourly-fregyuseries which presents statistical propertiesistent

to those observed, not as a procedure to prediciga DNI values.
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1. Introduction

To fulfill present needs in concentrating solar powystems, many design and simulation codes desnand
hourly solar irradiation data. Unfortunately, measliseries of solar irradiation are only availafde a
reduced number of locations. The synthetic germraif hourly solar irradiation series allows thé&raation

of the solar resource in those locations lackingsneements, the filling of gaps in records of dailyhourly
values, or the interpolation of recorded data wihertime resolution is too rough. In order to gatehourly
values at any location, solar radiation modelsuesed to obtain data having the same statisticgdepties as
the measured series. Such properties include bathapilistic characteristics (average value, varan
probability density function) and sequential chéesstics (autocorrelation) [1]. The output of thedels
approximates the characteristics of the naturadrsmdiation series as far as possible, and canskd
successfully as long-term measured data [2], eingléhhe natural climatic variability.

Since GHI synthetic generation schemes are basetieonse of random numbers, they provide different
hourly global irradiation values in each generati®his fact has been previously studied by Fernznde
Peruchena et al [3], where annual values of haasplution synthetic GHI series generated fromséuieme
set of initial measured data were investigatedhls work, the variability in both direct normatadiation
(DNI) and GHI annual values, from synthetic generatof GHI and several global-to-beam conversion
models is analyzed. The comparison of measuredadnalues of GHI and DNI with synthetically genet
ones allows the quantification of the goodnessynftetic generation scheme to predict DNI annubhles

2. Methodology

2.1 Generation of daily GHI values
The first algorithm for generating synthetic serissthe one proposed by Aguiar [4], which allows th



generation of daily clearness index from monthlgsrirhis model uses Markov transition matricesreak
down the monthly mean global radiation into thelydglobal radiation values, having the same siatibt
properties as observed time series. Two obsensaapport this method: the probability of occureent a
daily radiation value is the same for months having same clearness index; daily radiation values a
correlated only with those values observed in comsee days [4]. Furthermore, the matrices which ased
to generate new series are universal. This modidpgcted briefly in figure 1 (A).

2.2. Generation of hourly GHI values

The second algorithm for generating synthetic seidethe time-dependent autoregressive GaussiaG)TA
model, proposed by Aguiar [1], which provides swtith sequences of hourly clearness index values by
using the daily clearness index as input (see didurB). This method proposes a decomposition afljio
clearness index in two components, one reflectitepeency and other reflecting randomness.

A Random Daily clearness index
MTM number generation: K
|'<Tm l l
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Fig. 1. Generation of synthetic daily sequences bburly radiation values requiring as input only
monthly clearness index.

2.3. Generation of hourly DNI values

The models proposed by Orgill & Hollands, Erbs, & and Louche (methods are explained in [5]) have
been selected for generating hourly DNI values.hVifite exception of the model from Louche (which
estimates direct irradiance values from direct dmaittance values), all of the models estimate tlirec
irradiance from the diffuse fraction. These modeks detailed in table 1.



Orgill-Hollands
1.0 — 0.249-Kt Kt < 0.35
Kd = 1.577-1.84-Kt 0.35< Kt< 0.75
0.177 0.75 < Kt
Reind|
1.02 — 0.248-Kt Kt<0.3
Kd = 1.45-1.67-Kt 0.3<Kt<0.78
0.147 0.78 <Kt
Erbs
1.0 — 0.09-Kt Kt<0.22
Kd = 0.9511 — 0.1604-Kt + 4.388%¢ 16.638 Kt + 0.12.336-Kt 0.22<Kt<0.8
0.165 0.8 <Kt
Louche
Kb=| 0.002—0.059:-Kt+0.994-kt 5.205-Ki + 15.307-Kt-10.627-Kt Kt>0

Table 1. Models used for global-to-beam conversion

2.4. Synthetic generation to reach irradiation values

In general, a great variety of hourly synthetic erated GHI irradiation series from the same daityw#lue
can be generated. To illustrate this, let us camside example depicted in Fig. 2, where two holily
series, having identically daily Kt value, providdd#ferent GHI daily values. A similar example cae
constructed to show that a given monthly Kt valcess provide different daily GHI values.

GHI=1.81 kWh/m®
1 Daily Kt = 0.42

MW —

200
Wim2

GHI=2.14 KWh/m’

Daily Kt =0.42

/N —

Fig. 2. Two hourly Kt series, having identically déy Kt value, provides different GHI daily values

To investigate the variability of annual irradiativalues generated and their relation to measuakeks, a
number of generations up to reach the measuratiatian values have been carried out. .

Fig. 3 shows a schematic view of the procedure. thlgrnclearness index @) values, calculated from
monthly GHI values measured in the locations ingastd, allow the generation of daily and hourly Kt
values. A variability of 3% or less between gereslahnd measured+f is imposed. Once obtained an
annual synthetic GHI series (hourly resolution),|iurly series are generated using the methodsiexgl
above. A difference of 3% between generated anduned annual DNI values (red dashed lines) cantsdso
imposed (not used in this work). 200 synthetic gatiens in each investigated location have beeriezhr
out.
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Fig. 3. GHI and DNI synthetic generation procedure.

3. Description of data used

One year of hourly solar irradiation data recortbgdhe Spanish Agency for Meteorology (AEMET) iufo
meteorological stations localized in different estidistributed through Spain were selected to cautythe
comparison. Data quality has been both visuallpéesed and analyzed according BSRN (Baseline Surfac
Radiation Network) recommended tests. Only thosath®recorded with 2 or less invalid days have been
considered.

Station Latitude | Longitude A(rllr\}\L/jﬁllrr?Z?I A(rllr\]/\L;ﬁjrr?g I
Corufia | 43.37 N| -842W 1405.1 13415
Madrid 40.45 N -3.72W 1601.0 1792.0
Murcia 38.00 N -1.17 W 1634.3 1615.9
Valladolid | 41.65N| -4.77W 1628.9 1799.0

Table 2. Meteorological stations selected from Sp&h National Institute of Meteorology

4. Results

4.1 Variability in GHI synthetic generation

Distributions of difference between annual GHI wsuneasured and generated for the investigatetidnsa
are shown in Fig. 4 (A). Distributions show diffatgroperties as a function of the location: while one
calculated in Valladolid is nearly symmetrical, tHistributions calculated in Murcia and Corufia show
marked asymmetry. Moreover, mean values of didiibs calculated in Madrid and Valladolid (-0.14¢a
closer to zero than those calculated in Corufia Moccia (1.07 and -0.79 respectively), being staddar
deviation similar in every cases (~1.4) (table 3).



A Murcia B R

- Murcia
Madrid [ ] Madrid
> —— ] > B
2 | 2
§ _ [ 1 e T -
o o
o o
Y Corufia w — Corufia
i T M1 o
Valladolid
Valladolid [ ] ‘7 -
I I I T I T 1
-4 -2 0 40 60 80 100 120
Difference in measured and generated annual GHI (%) Synthetlc monthly GHI generations

Fig. 4. (A) Difference between measured and genegsat annual GHI values for each location
investigated. (B) Number of synthetic monthly genextions to achieve hourly GHI series for each
location investigated.

Mean (%) | Standard deviation (%)
Corufia 1.07385 1.4045
Madrid -0.139771 1.43667
Murcia | -0.789463 1.41134
Valladolid | -0.142604 1.41157

Table 3. Mean values and standard deviation for diérence in measured and generated annual GHI.

Fig. 4 (B) shows, for each location investigatdtk tlistributions of the number of synthetic gerierst
required to achieve measured monthly Kt value siththetically generated hourly kt values. Distribng
calculated in Madrid and Valladolid decrease fastem those calculated in Murcia and Corufia. These
results suggest a better behaviour of the synthgéineration models as a function of the location
investigated.

4.2 Variability in DNI synthetic generation
Fig. 5 shows distributions of difference (%) betwesnual DNI values measured in the locations hodet
generated from synthetically generated GHI values.
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Fig. 5. Difference between measured and generatedraual DNI values for each location investigated.

In general, Louche’s model provides the lower ahrdidl values, and O&H’s model provides values
slightly higher than those obtained by ReindI’s &mds’ models.

The goodness of each model depends on the lodatiestigated. For example, in Corufia and Madrid, th
best results are achieved with Louche’s model, evtlie other models overestimate DNI annual vale. |
Valladolid, Reindl's model provides the best resultvhile Louche’s model underestimates (~10%).
Moreover, DNI distributions in each location shamidar symmetry and dispersions (~3%) (Table 4).

Mean Standard deviation

Erbs Reindl O&H Louche Erbs Reindl O&H | Louche

Corufia 8.65488 8.08224 12.1589 0.121434 3.336725083 3.14645 3.4290[

Madrid 5.4462| 5.85599 9.10117 -2.14Q09 3.10077 3&HO432.95279 3.22581

Murcia -8.4829| -7.7794 -4.3757 -17.0305 3.5186 3682 3.37631 3.6428

Valladolid | -2.0209| -1.6322 191785 -9.8781 3.3342223956| 3.19198 3.44769

Table 4. Mean values and standard deviation for diérence in measured and generated annual DNI.

Fig 6 showsscatter plots of differences in measured and gednnual DNI values vs differences in measured
and generated annu@HI values for each location and model investigatest. dach location and modet, is
appreciated a linear relation between those varatith similar dispersion and slope, and differeasition.
Erbs’ and Reindl's models show similar values, gsliglower than those provided by O&H’s model and kgh
than those provided by Louche’s model. Moreovespéision is lower in Valladolid and Madrid stations.
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Fig. 6. Scatter plots of differences in measured and generd DNI vs differences in measured and
generatedGHI for each location and model investigated

5. Conclusions

Synthetic generation has been tested in orderdtuate the goodness of fit between measured andatiea
data. Input data are measured monthly GHI valuesn fwhich hourly values of GHI and DNI during one
year are calculated. Measured and calculated amvalwss of both Gand DNI are compared.

The goodness of GHI synthetic generation models usahis work depends on the location investigated
showing a slightly overestimation in Corufia andenedtimation in Murcia.

The models proposed by Orgill & Hollands, Erbs, riRi&i and Louche have been selected for generating
hourly DNI values. Louche’s model provides the Isivannual DNI values, and O&H’s model provides
values slightly higher than those obtained by Reamdl Erbs’ modelsDifferences in measured and generated
DNI vs differences in measured and generd¥tl for each location and model investigated are Hyezlated,

with similar dispersion and slope, and differentifiois for each model and location.

The results of this study indicates that synthgineration of solar irradiation series must be uwBed
procedure to obtain high-frequency series whictsgme statistical properties consistent to thosemiesl,
not as a procedure to predict precise DNI values DAl has been calculated in this work through dkt-k
models, variability found in GHI synthetic geneoatiis transferred and amplified to the DNI syntheti
generation.
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