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Abstract

The design, energy output, and cost effectiveness of CSP projects critically depend on the resource in direct
normal irradiance (DNI). Many modeled DNI datasets now exist, and a recent preliminary study has shown
some areas of serious disagreatin Europe. So far, no rigorous performance assessment has been unde
taken for other parts of the world. The present contribution focuses on North Africa and bordering regions,
which have great CSP potential. The mean monthly and annual performanigghtoéliferent modeled
datasets providing DNI is analyzed here, with respect to measured radiation data at 14 siieslyRelod

results are generallybtained for sites in southern Europe. Serious problems, however, are found at various
sites in NorthAfrica or Middle East. Most of these fnlems appear linked to inadequate aerosol optical
depth data used by the models, and to the dust storms from the Sahara that regularly, and strongly, modify the
aerosol regime. A method that can potentially cortbese problems, or allow for model banwarking

based on a reference aerosol databasegoped. The bankability of current datasets is questioned.

Keywords:CSP, Direct normal irradiance (DNI), aerosol optical depth, radiative model validation,esolar r
source assessment, Sahara dust storms.

1. Introduction

Many concentrating solar power (CSP) projects are currently being proposed in the world, and particularly in
Mediterranean and North African regions. Among all these projects, the ambitious Desiéigteei has

gathered considerable attention. To perform correctly and be cost effective, CSP power plants must rely on a
very intense resource in direct normal irradiance (DNI). Accurate knowledge of the DNI resource in sunny
regions is essential to assethe technical and economic viability of any CSP project, since, as gofirst a
proximation, the energy output of a CSP plant is proportional to its input, i.e, DNI. For the region wnder scr

tiny here (loosely defined as the area between latitudes 8 aNd &t longitudes 17{W to 51jE), exisg

solar maps of mean DNI do show an abundant resource. These maps are only based on modeled data, since
weather stations measuring DNI are extremely scarce over that region. At its early stages, argjeC6P pr
mustalso rely (at least in great part) on modeled data. Therefore, an essential issue iighiltity ref these

modeled datasets and maps. This issue has not yet received the attention it deserves, considerimg the impo
tance of its financial implications.h& only known preliminary report that has been devoted to an inerco

parison of a few direct solar radiation maps was limited to Europe [1], where many s@léwradonitoring

stations exidi thus providing abundant data for the fine tuning and validatibmodeled datasets before

they are even released to the public. Still, that study revealed a number of problem areas where significant
disagreement existed between the tested datasets. Unfortunately, some of these areas are also those with the
best solaresource. It was foundhat differences of more than !30% between datasets were likely in many
regions. From the perspective of financial institutions or policy makers, any single large CSP project that
would not deliver its nominal energy output due to inaccurate resource temalwauld cast a doubt on the

whole industry, akin to what happened in the early years of large wind energy projects.

The critical questions that all developers and investors of CSP projects in North Africa are confronted with
could thus be summarized shivay: (i) Are the existing DNI datasets of sufficient quality and accuracy to be
considered ObankableO?, and (ii) Are modeled DNI data of sufficient accuracy to replace costlydecal mea
urements? This contributionOs goal is to help answer these fundauest®mns, and propose a method that
could potentially improve the accuracy of the existing DNI datasets over North Africa.



2. Aerosol effects on DNI

The radiative effects of aerosols are function of different variables. The most important one ishealled
aerosol optical depth (AOD), which varies widely with wavelength. This spectral variation can be described
by engstrsmOs law, which defines the turbidity coefficiehtand the wavelength exponerit, The can-

bined effects of’ and!/ on DNI can be evahted through radiative transfer calculations. These calculations
must also take the sun geometry into account, as well as the extinction effect of other atmospheuic constit
ents, most importantly water vapor (measured in terms of precipitable waterFBMNorth Africa, some
calcubtions of this type have been made with the SMARTS code [2]. Felegehconditions and an air
mass of 1.25, which is typal of the conditions of CSP operation at low latitudes, it is found that a change
from relatively clea conditions { = 0.1, " =1.1) to dust storm conditiong €1, ” =0) results in a severe
decrease in DNI, from !850 to !1300 W/fh Additional calculations with SMARTS show that DNI is about
36 times more sensitive tb than global horizontal irradiand&HI), depending on air mass and asmo
pheric conditionsThis implies that, due to the usually large uncertainties,iDNI predictions might be in

error even if those of GHI appearroect.

3. Sources of DNI and aerosol data

3.1. Measured DNI data

Within the present study area, datasets from 14 weather stations witlpiailifly radiation measurements are
used (Table 1). Due to the paucity of DNI measurements, some stations measuring only GHI and diffuse irr
diance (DIF) have been added to the pool. dinect horizontal irradiance (DHI) is obtained by simple di
ference between GHI and DIF. For one site only (TEI Crete), data at 1 to 5 minutes intervals edo&eavai
so that DNI could be derived from DHI, using the OinstantaneousO zenith anglethier alhses, twever,

only daily or monthly data of DHI were available, thus precluding #terchination of DNI by the same
method. DHI is lower than DNI, but proportional to it. On a monthdyid) the ratio DHI/DNI equals the
cosine of the effective mamiy-average zenith angle. Since this quantity can only be approximated using
empirical means (which might introduce noegligible uncertainties), no attempt at transfimg DHI into

DNI has been made in such cases. Therha data sources here are BS@iip://bsrn.awi.deand WRDC
(http://wrdc.mgo.rssi.fu The former sourc@rovides imin data, whereas only daily values are available
from the latter. Therefore, DHI rather th@®NI was used for all WRDC sites. Datasets of 5 years or more
were also used to define OlelegmO monthly averages, or OdlotogiesO. Ideally, at least about 15 years of
data should be used to define the climatology of DNI, considering its large miaetarariability [3]. Hov-

ever, this stringent req@ment had to be relaxed here due to the paucity of long datasets.

Station Lat. Long. Elev. (m) DNI or DHI # Months Source
Aswan 23.97 32.78 193 DNI 123 [4]
Bahrain 26.24 50.80 25 DHI 12 [5]
Caceres 39.47 -6.33 405 DHI 139 WRDC
Cairo 30.13 31.47 35 DNI 173 [4]
Granada 37.13 -3.63 687 DHI 76 WRDC
Huelva 37.28 -6.92 19 DHI 40 WRDC
llorin 8.32 4.34 350 DHI 95 BSRN
Izana 28.31 -16.50 2391 DHI 51 WRDC
Santa Cruz (Tenerife) 28.27 -16.20 25 DHI 26 WRDC
Sede Boker 30.86 34.78 480 DNI 83 BSRN
Solar Village 24.91 46.40 764 DNI 51 BSRN
Tamanrasset 22.79 5.53 1377 DNI 123 BSRN
TEI Crete 35.30 25.10 122 DNI 15 SolRad - Net
Valencia 39.48 -0.38 23 DHI 55 WRDC

Table 1. Radiation measurement stations used for this study.

3.2. Modeled DNI data

Various sources of modeled DNI data with large geographic coverage currently exist, which should help the
rapid development of CSP projects in many countries. Eight datasets are used here, representing at least half
of wha is currently available (Table 2). Two of them are in the public domain and available NASA-

SSE and NREISWERA. One of them can be obtained freely if for research purposesI@BR Another



one is actually not a dataset, but commercial softwaoalculate radiation and other weather information by
interpolation (Meteonorm; version 6.1.0.19 is used here). Finally, four datasets represent the burgeoning
marketplace focommercial data vendors: 3Tier, EnMetSol from the University of OldenburgyGlihi3

from the Soda online service, and SolarGIS from GeoModel. These vendors graciously provided data for
some of the grounttuth sites listed in Table 1 especially for this study, with the exception cdCGieti3,

for which the only year (2005) freevailable from the SoDa service could be used here. Note that the DNI
dataset from the publidomain PVGIS websitenh{tp://re.jrc.ec.europa.eu/pvljisould not be used because it

is not accessiblaunfortunately. Whereas Meteonorm makes irradiation predictions for any ground location,
all the other datasets provide gridded data. The grid sizes vary widely, between coarse resolutioneISIS), m
dium resolution (SSE and SWERA), and what is currenthgled OhighO resolution (3Tier, EnMetS@; H
lioClim3 and SolarGIS). Fthermore, the latter four datasets offer hourly or-kabrly (15min) data series.

For the present study, only monthly data and monthly climatologies are used. However, whenevhrig. mont
affected by a bias, the corresponding hourly time series must also be biased in some way. Conversely, bias
free annual results may mask large alternating monthly biases, which may affect bankability, etc. Thus, the
results of the present study havegutdially large implietions. Note that, since diffuse irradiance results were

not available from all datasets, the assessment of DHI lesisieed scope compared to that of DNI.

Dataset Developer Website Spaltl:etiilorneso- ;Lzrglzzfr: Period Spatial coverage
3Tier 3Tier http://www.3tier.com =3x3 km Hourly 1998-present World
EnMetSol Univ. Oldenburg http://lwww.energy-meteorology.de =~bx5 km 15-min 2004-present Some continents
HelioClim3 ~ SoDa http://lwww.soda-is.com ~5x5 km 15-min 2004-present Some continents
ISIS DLR http://lwww.pa.op.dir.de/ISIS 280x280 km Monthly 1984-2004 World
Meteonorm  Meteotest http://www.meteonorm.com =1x1 km MCt variable World
SolarGIS GeoModel http://geomodel.eu ~5x5 km 15-min 2004-present Some continents
SSE NASA http://eosweb.larc.nasa.gov/sse 1x1° MCt 1983-2005 World
SWERA NREL http://swera.unep.net 40x40 km MCt 1985-1991 Some continents

Table 2. Modeled dataset sources used in this study. (tMC: Monthly climatology only).

3.3. Aerosol data

All radiation sites (except Aswan) of Table 1 are collocated or neahamnstation where sunphotometric
measuements are performed. Such measurements (here from NASAOs Aeronet network) provide AOD at up
to seven wavelengths, as well as PW. For this study, the spectral AOD data has been reduced to monthly
average” and!/ values, using a conventional technique [6]. Figures 1 and 2 show examples of seasonal and
interannual variations in/ at four of the sites under scrutiny, from the cleanest (Izana) to the most turbid
(llorin). The large interannual variance (such as in Juheaat and Tamanrasset) is a direct function of dust
storm activity in the Sahara. Since all currendaled datasets in Table 2 (with the exception of 3Tier, to our
knowledge) only consider a lorigrm climatdogy of AODN rather than actual daily or monthjata a
significant interannual variation in DNI perfoance of these datasets can be expected.
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Fig. 1. Interannual variation of the mean monthly turbidity coefficient at Izana (left) and Tamanrasset

(right). The climatology is indicated by the continuous red line.
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Fig. 2. Same as Fig. 1, but for Solar Village and Ilorin.

4. Monthly performance

The performance of the modeled montblynatologiesof DNI and DHI is assessed first. Percent differences
between the modeled and measured {@mn mean ranthly DHI for two stations (Caceres and Granada) in
southern Spain appear in Fig. 3. The seasonal variations in measured DHI (shown in the top plots) are sim
lar, whereas the modeled DHIOs performance varies somewhat from one month to the otherrddwerto er
cellations throughout the year, the overall annual differences are all within £10% of the measured mean.
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Fig. 3. Monthly performance results at Caceres and Granada, based on climatologies.

For North Africa, however, the situation is differeAt. Aswan, the results of Meteonorm and SWERA are
similar to those in Fig. 3, with mean annual differences of only +3%323#drespectively. The two datasets

with lower spatial resolution (ISIS and SSE) do not perform as well, but still manage to gredacinual
average within10% and +10%, respectively. For Aswan, like for Caceres or Granada, using an average of
all the available datasets can improve the results, and bring thal dnasi down to !0. Results for Cairo,

llorin, Sede Boker and Tamanrasset show much larger monthly and annual differences (Fig. 4), and do not
support the same recommendation. Interestingly, for llorin and Tamanrasset, the monthly differehees exhi
ited by most datasets are in phase with the seasonal AOD variation (Figs. 1 and 2). It is thus likely that the
noted discrpancies can be explained by the use of incorrect gridded AOD climatologies in the models. In the
case of Cairo, all models (particularly SSEEhd to overestimate all the time. It is highly likely that these
models do not take into account all the radiative extinction processes that occur in a polluted urban enviro
ment. Moreover, the accelerated urbanization of Cairo has resulted in incAg@Bedfrom local aerosol
prodiction) and decrease in global and direct irradiance [4], [7], usually referred to as the OdimmingO effect.



8 — T T T T 4 — T T T T
i Long-term mean DNI E - 3 Long-term mean DHI 3
7 Cairo E £ 3¢ llorin E
o 3 = . E < E LB | - E
E 6¢ E z 2¢ " " . a o e m " om ]
= E - n E = - E
[ | E E|
g5 . . 5 :
z 4 . " i 0 S 120
E u —=—3Tier E 3 100
3p = - ISIS " E
E =-- Meteonorm 3 380
2 ----SSE 60 4
Eow -o -SWERA E 160
2 40
3 R
L 120 ©
9 1 g
) i ERE
@
) 3 120 3
3 E —e— 3Tier ‘\ , E ®
E{ --=-- Meteonorm \ / < -40
| -<--SSE v i
E E f| - -SWERA Lo 60
Il Il Il Il Il Il Il Il Il Il Il Il Il _10 Il Il Il Il Il Il ?_\ Il Il Il Il Il _80
12 3 45 6 7 8 9 101112 Yr 12 3 45 6 7 8 9 101112 Yr
Month Month
0 T T 9 — T
E m , Long-term mean DNI . F Long-term mean DNI 3
9 Sede Boker E << 8 F - Tamanrasset 3
o E ] 3 g E B m n 3
€ E 3 < E [ ] 3
g ’ E " = 3 E ! E " ] L
E E| = | |
3 7 3 LIE z 6¢ u n F
Z 6F n E =) E - n 3
a F . " 3 5F —a—3Tier E
5t m = —=— 3Tier u E v --+--|SIS
E —- - EnMetSol E £ --e--GeoModel |} 50
4 .-.e--GeoModel 40 E = Meteonorm 3
3 18IS i 3 ©--SSE i
5 30
E 3 3 30
E ;N |-%--SSE 120 3 N
E /| —-o-SWERA E 2 120 ©O
E | 110 o ERE (_%
o0 & S R
3 c:D ,,,L{.,”, 0 8
: -10 8 . E
3 _20 : 'lo
4 -30 » ¥ o420
3 E “ E
Il Il Il Il Il Il Il - Il Il Il Il Il Il _30

Il
7 8 9 10 11 12 Yr
Month

I T A R R
1 2 3 45 6

7 8 9 10 11 12 Yr
Month

Fig. 4. Same as Fig. 3, but for Cairo, Ilorin, Sede Boker and Tamanrasset.

Although llorin is in a dusty andaudy area, and therefore would probably not attract any CSP development,
its results are instructive by the magnitude of the monthly differences obtained here, which oscillate between
-75 and +120% (Fig. 4). Some part of this disagreement may be explgiried large seasonal and intera

nual variance in AOD (Fig. 2), the dust and biomass burning aerosolsO absorption and scatteringseharacteri
tics, and associated uncertainties. Moreover, it is most likely that the algorithms in current use aannot ad
quatey reproduce the intracies of radiative transfer though intense tropical cloudiness.

Results forindividual months are equally instructive. For instance, Fig. 5 shows two typical cases for which
limited scatter exists between models, while they all unddrpt at high DNI. This type of summer bias also

occurs at Bahrain, as well as (to some extent) Caceres, Granada and Huelva. In such cases, the datasets can
be corrected with the method explained in Section 5. At Tamanrasset, most datasets exhittiassbatter

(Fig. 6), with the exception of SolarGIS, which rather reflect the same summer bias as in Fig. 5. Results for
Solar Village show important scatter too, but data from only two datasets were available there. AtlSolar Vi
lage, like at Tamanrassehere is large variance in the interannual AOD, which might explain the désagre

ment in modeled DNI. Finally, the case of Izana is interesting because of its very higresmlace. Both

3Tier and SolarGIS have difficulty keeping the monthly bias uad@®%. In caotrast, the 3Tier results at

Santa Cruz are nearly perfect. The latter site is only 30 km away from lzana, but near sea level. Izana being



above the boundary layer where both aerosols and water vapor are concentrated, the AOD and PW are much
less there than at Santa Cruz. On average, IzanaOs PPR6841df that at Santa Cruz (depending oa-se

son), whereas comparative numbers for AOD afg/9%. The larger range in AOD difference may ke e

plained by the ocauence of dust storms: AOD is then hignywhere since dust clouds travel at altitudes
above 3 km. Irregular occurrences of dust storms, and related seasonal variations in AOD as a function of
elevation, are usually not considered in radiative models, which can explain the scatter in thesldéna
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Fig. 5. Monthly performance results for various modeled datasets at TEI Crete and Sede Boker.
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5. A posteriori irradiance data correction

The results discussed abogkearly indicate that the disagreement between modeled and measured DNI is
often linked to the models® AOD input data. Various projects exist to improve the quality of AOD databases.
A method of regional combination and correction of multiple satellitasgéés has recently beeroposed

[8], but is still in its infancy. Arguably, the desirable AOD databases of sufficient quality for worldwide acc
rate DNI prediction are still years away. In the mean time, it might be possible to remove somebef the o
serve bias in monthly DNI data, provided local AOD measurements are available. Considering¢h¢ cu
paucity in AOD groundruth sites in the world, this might have only limited applicability. However, another
application of this correction method would loeintercompare or Obenchmark® DNI datasets after inormal
zation to some common, OreferenceO AOD database, which remains to be defined. Most radiative models
have separate, but linked, algorithms for the etd@rand alisky DNI. (A notable exgation is SSE) If the
clearsky DNI is available, in addition to the aky DNI that users have primary interest in, a adiva of

the clearsky DNI can be done, using reference AOD data. In the present case, this method could only be
applied to 3Tier, EnM&ol, Mgeonorm and SolarGIS, due to lack of cleky data in the other cases.

Since the alsky DNI is proportional to the cleaky DNI, DNI, it is then just a matter of correcting the e

isting alksky DNI by the ratioDNI¢ new/DNIc 01g- The REST2 model [6lwhich is currently unsurpassed in

terms of DNI prediction accuracy over a wide range of atmospheridtm ed[9], is used here to obtain

DNI; new For the present tests, data of AOD and PW have been obtained as described in Section 3.3. The
usual cumulave statistics (MBD and RMSD) are used here to characterize theaagcof the predicted
monthly DNI (or DHI) with respect to its measured countergmetoreandafter applying the correctioned

scribed above. Sample results appear in Table 3, and showngirovements (slight to substantial bias r
duction in particular) are indeed possible in most cases (bold case indicates improved statistics). A notable
exception is seen with Meteonorm, whose etmtogies are not always improved, probably becaussds u
interpolation rather than a local radiative cadtioh as with the other datasets. The case of llorin stands out
again, with only partial improvement, thusnéioming that AOD uncertainties are not the only source of
problem in such a cloudy climate.

Site/Model Mean Daily Monthly values Climatology
Irradiation Before After Before After
(kWh/m2) MBD RMSD MBD RMSD MBD RMSD MBD RMSD

llorin 3.231 (DHI)

3Tier 76.3 83.8 22.0 45.5 79.5 84.3 25.8 46.8

Meteonorm - - - - 46.4 54.0 -1.8 25.9
Izana 5.184 (DHI)

3Tier -12.9 15.1 6.1 9.4 -13.0 14.0 4.1 12.4

Meteonorm - - - - -41.4 448 -45.7 489
Sede Boker  6.675 (DNI)

3Tier -12.3 13.7 6.6 11.4 -12.9 13.5 -7.4 115

EnMetSol -16.3 18.0 2.3 9.4 -16.2 16.9 -10.6 12.0

Meteonorm - - - - -3.7 8.6 -17.9 22.3

SolarGIS -12.8 15.1 4.9 9.8 -12.0 14.1 -7.8 12.4
Tamanrasset 6.631 (DNI)

3Tier 4.0 17.0 -1.5 8.6 2.2 15.4 -3.0 6.2

Meteonorm - - - - 15.5 19.8 -12.3 15.7

SolarGIS 4.0 7.2 2.4 11.3 -4.9 6.4 4.4 8.1
TEI Crete 5.231 (DNI)

3Tier -16.8 20.1 -2.3 8.3

EnMetSol -19.8 25.1 -0.4 5.3

SolarGIS -13.0 16.2 0.4 7.2

Table 3. Performance statistics (%) before and after correcting DNI using measured aerosol data.

Although the pesent corrections are for monthly data, they can be applied directly to hourlyneiniéne

series as well, since all current models used to derive time series consideroortiyy AOD input data for

their cdculations. This correction method is therefore also of potential interest to users who need time series
to simulate the thermal performance of CSP installations, or to obtain bankable assessmesitm der i



6. Conclusion

Using highquality radiation data &m 14 sites in North Africa and bordering regions, a preliminary ssses

ment of the performance of eight DNI datasets (from both free and commercial sourcegpsegr It is

found that, in general, these datasets are reasonably accurate over southgen @uer North Africa and

the Middle East, however, the present results are generally not as good, and even reveal some important
problem areas. Large monthly scatter is observed in many cases. Even theraeand@ NI pedictions may

be affected by conderable biases (such as for Cairo and llorin).

An analysis of coincident radiation and aerosol data fronocatied instruments shows that, in most cases,
these biases are caused by inaccurate aerosol data being used to model DNI. An a posterion tedrecti

nique is proposed to remove a substantial part of the observed bias in existing DNI datasets (monthly data or
hourly time series). It is established that the current datasets would benefit from improved aerosdl data, ta
ing the variability of Saharadust storms into account, inrpeular.

The large differences between modeled and measured DNI observed at various sites cast a doubten the acc
racy of solar resource maps and datasets for CSP applications in or around North Africa. Monthly data and
hourly time series currently used for bankability assessments might embed large biases, depending on
dataset, climate area, etc. Until such biases and uncertainties are better understood and ultireated; ¢o

is safe to recommend local higjuality measurements to corroborate, supplement or validatieled data.
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