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ABSTRACT: A tool based on a solar radiation numerical model for the evaluation of the suitability of different
possible locations for photovoltaic power stations is presented. It allows the user to estimate the solar radiation in a
given place as well as the photovoltaic power generation, and compare the results with those obtained for other
locations. The solar radiation model is implemented taking into account the terrain surface with the use of 2-D
adaptive meshes of triangles, which are made using a refinement/derefinement procedure according to the variations
of terrain surface, orography and albedo. To find the optimal location for obtaining the maximum power generation,
the effect of shadows is considered. The solar radiation is first computed for clear-sky conditions, considering the
different components of radiation. The real-sky radiation is computed daily starting from the results of clear-sky
radiation. The maps of clear-sky index are obtained from a spatial interpolation of observational data that are
available for each day at several points of the zone under consideration. Finally, the solar radiation maps of a month
are calculated from the daily results. Taking into account the photovoltaic cell model, the electric power generation

can be deduced from the obtained radiation data.
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1 INTRODUCTION

There are three groups of factors that determine the
interaction of solar radiation with the earth’s atmosphere
and surface (see e.g. [1, 2]):

1. The Earth’s geometry, revolution and rotation
(declination, latitude, solar hour angle)

2. Terrain (elevation, albedo, surface inclination
and orientation, shadows)

3. Atmospheric attenuation by gases, particles
and clouds

Considering the three factors of atmospheric
attenuation in the model, it will produce real-sky
radiation values. If we omit the cloud attenuation, clear-
sky (cloudless) radiation values will be obtained.

Two main groups of spatial models for solar radiation
can be found. On one hand there are those models based
on the study of data obtained from satellite observations
(see e.g., [3]), and, on the other, those based on
astrophysical, atmosphere physical and geometrical
considerations. Among that latter group, we highlight the
works of Suri and Hofierka [1, 2] regarding a GIS-based
solar radiation model.

In this work we propose some improvements to the
models of Suri and Hofierka [1, 2] and Montero et al. [4].
The accurate definition of the terrain surface and the
produced shadows are studied using an adaptive mesh of
triangles.

To calculate the radiation values for real sky
conditions, a typical meteorological year (TMY) for each
available measurement stations has been developed
following the method used in [5]. The obtained results
allow us to estimate the amount of the expected electric
power generation, for any day at any place in the island.

2 SOLAR RADIATION MODELLING

Starting from the work of Suri and Hofierka [1, 2],
we have proposed both the use of adaptive meshes for
surface discretization and a new method for detecting the
shadows over each triangle of the surface [4]. Results

have been improved by means of the use of TMY
extracted from the available measurements stations data
[5]. The calculations flow would be:

1. Solar radiation calculation for all the mesh,
assuming clear sky conditions

2. TMY calculation for all the involved
measurement stations

3. Correction of the solar radiation values using
the measured values to reach the real sky
conditions

Steps one and three are repeated for each time step
and finally the total solar radiation value is obtained
integrating all the instantaneous values.

2.1 Solar radiation equations for clear sky

The global solar irradiance comprises three different
components: beam, diffuse and reflected irradiances.
Taking into account [6], we will take the solar constant I,
as 1367 (W/m?) outside the atmosphere at the mean solar
distance. Due to the earth’s orbit eccentricity, a
correction factor ¢ is applied for calculation of the
extraterrestrial irradiance Gy,.

G() = I()g Eq 1

Where € = 1 + 0.03344 cos(j' — 0.048869), with j’
being the day angle. The beam irradiance, normal to the
solar beam, Gy, (W/m?) is attenuated by the cloudless
atmosphere, and calculated as follows:

Gb()c = G() exp{—0.8662TLKm §R(m)} Eq 2
Using the Linke (Trg) atmospheric turbidity factor

and the relative optical air mass calculated using the
formula:

P/p
— 0
sin B0 + 0.506(hh*" + 6.08)~1:636

m Eq.3

Where 4y is the solar altitude in degrees corrected
by the atmospheric refraction, and p/p, is a correction for



a given elevation z. The beam irradiance on a horizontal
surface G,(0) becomes,

th(0)= Gb()c L/-sin h() Eq 4

Where h, is the solar altitude angle and L, the
lighting factor that corrects the beam irradiance as the
surface is sunlit or shadowed. Then the beam irradiance
on an inclined surface G,(f) is obtained as,

th(ﬁ): Gh()c L/"Sin é‘exp Eq 5

Where B is the angle between the inclined surface and
the horizontal, and o, is the solar incidence angle
measured between the sun beam direction and its
projection on an inclined surface.

The estimation of the diffuse component in horizontal
surfaces G,.(0) (W/m?) is carried out using the equation,

Gi(0)= Gy TATx)Fahy) Eq. 6

Where G4/(0) is a function of the diffuse transmission
T,, which only depends on the Linke turbidity factor and
on a function F; depending on the solar altitude A4, [7].

On the other hand, the procedure for obtaining the
clear-sky diffuse irradiance on a inclined surface with an
inclination angle yy, G(yx) (W/m?) considers both sunlit
and shadowed surfaces [8]. For sunlit surfaces the
equations are, for /1p> 0.1,

Gac(yn) = Gac(0) <F(VN)(1 - Kp)

X sin Sexp) Eq.7
b sin ho
And, for 7y<0.1,
Gaelrw) = Gae(®) (FO) (1 = )
Ky, sinyy cosALN) Eq. 8
0.1—0.008h,

For shadowed surfaces, Gy ¥ y) = Ga(OF( ¥ y).

Flyn) =ri(yw) + N (sin YN~ VN COS VN

Eq.9
— msin? }%N)
(1+ cosyy) Eq. 10
ri(yn) = —

The parameter K, = G,.(0)/Gy(0) and the irradiation
Gy(0) = Gy sin hy. The reflected irradiation is calculated
according to [9], taking into account the mean ground
albedo p,.

Gr(yn) = pgGe(0) (¥w) Eq. 11
1— cos

T (i) = (2—””) Eq. 12

Gc(0) = Gpc(0) + G (0) Eq. 13

2.2 Solar radiation under real sky

To obtain the real sky values is necessary a correction
due to the presence of clouds. The values of global
radiation on a horizontal surface for real sky conditions
G(0) are calculated as a correction of those of clear sky
G.(0) with the clear sky index k. which has been studied

for Gran Canaria Island [10],

6(0) = G.(0)k, Eq. 14
k. = G5(0)/G:(0) Eq. 15

Sub index s means station. The value of the clear sky
index at the measurement stations is given by Equation
15.

Now an interpolation of the index for the whole zone
is needed. A simple formula that has also been used in
other environmental problems defined on complex
orography [11] is applied,

k k
N Ten N cn
ke = o e o] Eq. 16
C—£ﬁ+(1—S)N—1 q.
n=1d_% n=1 IAhnI

The parameter k. corresponds to the clear sky index
at each point of the mesh, k. is the clear sky index
obtained at the measurement stations, /N is the number of
stations used in the interpolation, d, is the horizontal
distance and |AZ,| is the difference in height between
station n and the studied point, respectively, and ¢ is a
parameter between 0 and 1.

2.3 Typical meteorological year

To obtain reliable results, an accurate typical
meteorological year (TMY) is needed. Autoregressive
moving average (ARMA) models are widely applied to
time series. To soften irregularities, moving averages
have been used. These ones have been adjusted by the
least-squared method. Due to the cyclical character of our
series, a Fourier analysis has been chosen.

- 2mit
Vi = ap + z [ai cos (T)
i=1 Eq. 17
. (2mit
+ B; sin (T)] + €

With t=1...n, and €; fitting an ARMA model. Using
the moving average method we can minimize the time
series noise, transforming Y, series in another one by
means of the transformation,

m

j==m

In this expression, @, are the weights for the adjusted
series mean.

We compute the daily typical meteorological year of
maximums, means, medians, variance and percentiles of
90% and 75% series of values. In order to improve the
knowledge of solar intensities, it was obtained one TMY
for each of those series using weight means to smooth the
irregular data. Finally, the TMY series were fitted to third
grade Fourier series, obtaining excellent results in all the
locations around the island. For means, we have used the
moving average My,

A
1
my = ZZ M21Zad Eq 19
a=1

Where 4 is the number of years with available data,



and d is the day of the year. For the median series,

My = My, - [median(Z,4)] Eq. 20

3 SIMULATIONS

We have obtained radiation results for Gran Canaria
Island, part of the Canary Islands archipelago. The UTM
coordinates (metres) that define the corners of the
considered rectangular domain including the island are
(417025, 3061825) and (466475, 3117475), respectively.

Using the refinemet/derefinement parameters as in
[4], a mesh with 5866 nodes and 11683 triangles was
built to describe the orography and albedo of the island.
To define the albedo, the different types of land use in
Gran Canaria Island have been studied varying from 0.05
(Macaronesic laurisilva) to 0.6 (Salt mine).

The Linke factor was obtained online from the SoDa
Service [12] for each month. Beam, diffuse and reflected
radiations are computed using the equations presented
above, and taking into account the calculated shadow
distribution on the mesh.

Then, for each day, the clear sky global radiation is
computed with the desired time step, as the sum of the
three components. In the studied cases, we have chosen a
30 minutes step. We have used Simpson formula to
integrate these data numerically in order to obtain the
daily radiations.

Once this is done, real sky values are computed using
actual radiation data. Seven measurement stations around
the island are available with complete data from years
1998 to 2008. Radiation data have been provided by the
Canary Islands Technological Institute (ITC).

Under clear sky conditions, beam, diffuse and
reflected radiation values are about 82— 87%, 13 — 18%
and 0 — 0.5% of the mean global radiation respectively.
The monthly daily average real sky global radiation, for
the whole studied region (Gran Canaria Island), varies
from 10.6 MJ/m? per day in December, to 25.6 MJ/m? per
day in June. The percentage of decrease between the
computed real sky and clear sky radiation is presented in
Fig. 1. The clearest days over the whole island are those
from spring, especially during the months of May and
June. We can see the typical behaviour of the cloudiness
produced by the Trade Winds over the island during
summer.
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Figure 1: Percentage decrease in computed radiation

As an example, two months are presented. Fig. 2

shows the real sky radiation map for January, and Fig. 3
shows July. In this figure, the effect of the trade winds in
the northeastern part of the island can be observed. In this
region, a flat zone, the computed radiation is lower than
expected due to the cloudiness caused by these winds.
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Figure 2: Real sky radiation map for January

31

308

3.08

3.07

a1 42 a3 44 45 46 47

Figure 3: Real sky radiation map for July

4 CONCLUSIONS

An improved numerical model for estimating the
solar radiation on a surface is proposed. The requirements
for a simulation are the location, topography, albedo and
observational data. Solar radiation on a surface is
estimated taking into account the shadow distribution in
each time step. Adaptive meshes lead to a minimum
computational cost, since the number of triangles to be
used is optimum.

To obtain accurate model results, realistic data are
needed. A typical meteorological year (TMY) has been
computed to serve as departure point to estimate the real
sky radiation values. To calculate these, we propose an
interpolation method which 1is suitable when a
considerable number of stations is available and they are
well distributed in the zone under study.

This model allows us to choose the most suitable
zone in the island, where a photovoltaic power station



can be placed according to the real sky radiation values.
As seen in figures 2 and 3, real sky radiation values are
available for each and every month for a TMY. This
means that solar power generation can be estimated from
those, taking into account the models of the different
power station parts. Moreover, rectangular collectors can
be included in the model as composed by two triangles in
the same plane.

In the simulations we have obtained values of
radiation for clear sky and real sky conditions. Real sky
maps show decreased values from clear sky, with a
correct behaviour. The effect of the trade winds which
blow from northeast can be seen in figures 1, 2 and 3.

5 REFERENCES

[1] M. Suri, J. Hofierka, “A New GIS-based Solar
Radiation Model and its application to photovoltaic
assessments”, Transactions in GIS 8 (2), 175170.
2004.

[2] M. Suri, J. Hofierka, “The solar radiation model for
Open source GIS: implementation and applications”.
In: Benciolini, B., Ciolli, M., Zatelli, P. (Eds.), 16
Proceedings of the Open source GIS-GRASS users
conference, Trento, Italy, pp. 1-19, 2002.

[3] E. Cogliani, P. Ricchiazzi, “Generation of operational
maps of global solar irradiation on horizontal plan
and of direct normal irradiation from Meteosat
imagery by using SOLARMET”, Solar Energy 82
(6), 556562, 2008.

[4] G. Montero, J.M. Escobar, E. Rodriguez, R.
Montenegro, “Solar radiation and shadow modelling
with adaptive triangular meshes”, Solar Energy 83
(7), 998-1012, 2009.

[5] L. Mazorra, F. Diaz, P. Navarro, “Estimation of
global solar radiation by means of sunshine
duration”, Proceedings of ISES Solar World
Congress: Solar energy and human settlement,
Beijing, China, Vols. I-V, pp. 2627-2631, 2007.

[6] J.K. Page (ed), “Prediction of Solar Radiation on
Inclined Surfaces”, D. Reidel Publishing Co.,
Dordrecht, 1986.

[71 K. Scharmer, J. Greif, “The European Solar
Radiation Atlas. Vol. 2: Database and exploitation
software”, Les Presses de I’ecole des Mines, Paris,
2000.

[8] T. Muneer, “Solar Radiation model for Europe”,
Building Services Engineering Research and
Technology 11, 153-163, 1990.

[9] T. Muneer, “Solar Radiation and Daylight Models for
Energy Efficient Design of Buildings”, Architectural
Press, Oxford, 1997.

[10] L. Mazorra, F. Diaz, P. Navarro, F. Déniz,
“Accumulated frequency estimation for daily
clearness index”, Proceedings of ISES Solar World
Congress: Solar energy and human settlement,
Beijing, China, Vols. I-V, pp. 2632-2635, 2007.

[11] G. Montero, R. Montenegro, J.M. Escobar, “A 3-D
Diagnostic Model for Wind Field Adjustment”, J
Wind Engrg Ind Aer 74-76, 24917261, 1998.

[12] SoDa Service (Solar Data), “Services for
Professionals in Solar Energy and Radiation”.
Available at http : /Iwww.soda—
is.com/eng/services/service_invoke/gui.php.



	PHOTOVOLTAIC POWER ESTIMATION TOOL USING A SOLAR RADIATION NUMERICAL MODEL
	1 INTRODUCTION
	2 SOLAR RADIATION MODELLING
	2.1 Solar radiation equations for clear sky
	2.2 Solar radiation under real sky
	2.3 Typical meteorological year
	3 SIMULATIONS
	4 CONCLUSIONS
	5 REFERENCES


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



