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Chapter 1

SOLAR RADIATION ESTIMATION USING A
NUMERICAL MODEL

F. Diaz, J.M. Escobar, E. Rodriguez, R. Montenegro, G. Montéro
University Institute for Intelligent Systems and Numetidaplications in Engineering
University of Las Palmas de Gran Canaria

Abstract

A solar radiation numerical model is presented. It is ireertb be useful for diffe-
rent purposes like the evaluation of the suitability of plolgslocations for solar power
stations. This model allows the user to evaluate the radfiatalues in any location
easily, and estimate the solar power generation takingaatount not only the radia-
tion level, but also the terrain surface conditions conandethe cast shadows. The
solar radiation model is implemented taking into accouetténrain surface using 2-D
adaptive meshes of triangles, which are constructed usiefjrement/derefinement
procedure in accordance with the variations of terrainem@find albedo. The selected
methodology defines the terrain characteristics with ammimh number of points so
that computational cost is reduced for a given accuracy.nbeel can be used to find
the optimal location for obtaining the maximum power getiera For this purpose,
the effect of shadows is considered in each time step. Sadiation is first computed
for clear sky conditions, considering the different comgats of radiation: beam,
diffuse and reflected radiation. The real sky radiation impoted daily starting from
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the results of clear sky radiation, in terms of the clear sigek. Maps for clear
sky index are obtained from a spatial interpolation of obstonal data which are
available for each day at several points of the zone undesideration. Finally, the
solar radiation maps of a month are calculated from the dasylts. The model can
be also applied in solar radiation forecasting. To do sorecfsting meteorological
model is required. The estimation of daily solar radiatioovided by such model is
used to adjust the clear sky results and obtain the real skgtran. Some numerical
experiments related to the generation of solar radiatiopsma Gran Canaria Island
(Canary Islands - Spain) are presentédywords: solar radiation, shadows, adaptive

meshes, solar power.

1 Introduction

Solar radiation affects all physical, chemical and biological processesith. Therefore,
the knowledge about it is relevant in meteorology, forestry, agronoeng@phy, medicine
and, of course, in power generation. In this topic, the importance of tiresvable energies
in our world is greater each day. Factors like the oil shortage or the climatgelrelated
to the global warming, have caused a high increase in the development diffdrent
renewable energy technologies. Between them, solar power has beepniaportant due
to the support of the authorities and the research in this field. Part of 8ganeh is the
development of some solar radiation numerical models. These models neeé iottak
account the interaction of the radiation with the terrestrial atmosphere afadesuthis is
[ 2]:

1. The geometry of the Earth (declination, latitude, solar hour angle)

2. The terrain characteristics (elevation, albedo, surface inclinationoerdtation,

shadows)

3. The atmospheric attenuation (scattering, absorption) caused by pagédes and

clouds
Considering the three factors of atmospheric attenuation in a model, it willpeoeal sky
radiation values. If we omit the cloud attenuation, clear sky (cloudles&tiawl values
will be obtained.

Two main groups of spatial models for solar radiation can be found. Ohane there
are those models based on the study of data obtained from satellite obsexVa}jcand,
on the other, those based on astrophysical, atmosphere physicalanédtgeal considera-
tions [1,2].

Starting from the works of Suri and Hofierka [1, 2] regarding a G&Sdul solar radia-
tion model, the calculation of solar radiation on the terrain_[4, 5] is studied. rDéetang
the influence of the orography and the terrain characteristics in the rawigtiery impor-
tant to reach accurate results. In fact, the factors related to the terchirmsuhe elevation,
the albedo, the surface inclination or the cast shadows, are essentiakta lprecise idea
of how the radiation comes into contact with the surface. The shadowiegteffer a
surface has been studied by Niewienda etlal. [6] who propose calgutatnGSC (geo-
metrical shading coefficient) this is, the proportion of shaded area atétnagily oriented
surface surrounded by shading elements, as a function of time and loc&tak$ek et
al. [7] propose a solar radiation model based on defining the incidemgbe layycomputing
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normal-to-the-surface tangent plane and direction of the Sun. Sincei$leey regular grid
in their computations, the computational cost of this approach is higher tharsatbing
an adaptive discretization. Other methdds |8, 9] do not consider a sofatswand, thus,
need a high density of sample points in order to obtain accurate results.

In this chapter, a solution for the estimation of the solar radiation on the terittin w
a low computational cost is presented. We will use an adaptive mesh oflésafdg 5]
to represent the terrain and its actual orography as a solid surfaceetiigt casts sha-
dows and so it is not as sensitive as the former to the density of sample pdetsh
refinement/derefinement techniques which have been widely used in otbetif&c pro-
blems [10[ 11} 12, 13] have been applied. For example, the implementatioa 4fTHRi-
vara’s refinement algorithm [14] and a derefinement algorithr [15ldeed by Ferragut
etal. [11] are good choices to reach our terrain mesh. For solar caBettie application of
our model is straightforward. It can determinate the terrain-inducedrsinad collectors.

To summarize, this adaptive model allows the refinement of the results of-b&3Es
model, which would have a high computational cost, in accurate local are&asions. In
addition, this model may be connected to a GIS tool as a local solver.

2 Modelling of geographical features

As said above, the terrain characteristics, including albedo, shapelioatian, are very
important for the knowledge about the hourly and daily radiation valuesatékto this,
we will have to take into account two main issues: the construction of anaedearrain

mesh and thedetection of shadows

2.1 Terrain surface mesh

The terrain surface mesh must be constructed taking into account baibraphy
and albedo. As Montero et al.|[4] described, an adaptive procedfureesh refine-
ment/derefinement has been carried out using two different derefih@a@meters. This
is not the only applicable method since a Delaunay triangulation or other morgleo
methods can be applied to get specific features like ridges or valley bottomsevir,
nested meshes are used because we need to transfer information adentudon process
(shadow and radiation) from mesh to mesh.

The first step to make the mesh generation is the determination of nodes allonated
the terrain surface. Their distribution must be adapted to the orograpthelaedo charac-
teristics in order to minimize the number of required nodes for a given agcugdarting
from a regular triangulation; of the rectangular region under study, a sequence of nested
meshed = {11 <12 < ... < T} will be builded. The triangulation is such that the levgl
is obtained by a global refinement of the previous leye| with the 4-T Rivara’s algorithm
[14], this is, each triangle of leve|_; is divided into four subtriangles inserting a new node
in the middle of the edges and linking the node in the longer edge with the oppesita v
and with the remaining two new nodes. The number of lewelsf the sequence is de-
termined by the degree of discretization of the terrain, so we can ensurhithaegular
mesh is able to capture all the orographic and albedo information by an il@gopaf the
heights and albedo in the nodes of the mesh.
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Once this is done, we have to define a new sequEhee{t, <1, <... <T,},m <m,
by applying the derefinement algorithm [L1] 15]. By means of two demefimé parameters,
€nh ande,, we can determine the accuracy of the approximation to terrain surfacatzeb.
The absolute difference between the height obtained in any point of the tjieand the
corresponding exact height will be lower than

2.2 Detection of shadows

The accurate estimation of the solar radiation on a terrain surface neels iottaaccount
the cast shadows. This problem is, after all, a geometrical one: a triailgbewhadowed
when, looking at the mesh from the sun, we can find another triangle thidy twtpartially
covers the former.

One way to face this issue is constructing a reference systefmandZz, with Z in the
direction of the beam radiation (see Figlle 1). After this, the mesh needgtojected on
the planey’.

z=2z
~1 7%
y'
z
\ P v’
\
\ (Sun) ,*
\ e
\ *
\ 4
\ i
Vi \\ // '
9 \ 9o /, E '
\ // gy X=X
\ 4 4
\ by |
\ 7’ '
\
\

g y
% \\“\/\JAO ; (North)

(East)

Figure 1. Reference systems and Euler angles

The sun position with respect to a horizontal surface is given by twodinates, the
solar altitudeny and the solar azimuth (see Figur€ll), which are calculated as,
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sinhg = cospcosdcosT + sing sind D
cosy = sind cos{)co_sT —cospsind B
sinhg

if sinT>0, Ag=-Ay
if sinT <0, Ao = A

T is the hour angle (rad) obtained from equatian ¢bdhe latitude in radians andithe sun
declination in radians obtained according to Gruter [16],

sind=0.3978 sinj’ — 1.4+ 0.0355 sir{j’ — 0.0489)] 3
with j’ being the day angle represented in radians as follows,
. 211
I
'~ 36825 @

Here| is the day number which varies from 1 on January 1st to 365 on Decerhferfhe
hour angleT (rad) is calculated from the local solar timexpressed in decimal hours on
the 24 hour clock as

T
12
As said above, we need to make a coordinate transformation migehe direction of the
beam radiation. Thus, we need to know a vector that defines the sotardiesction for
any time and position. In the literature we can find many ways to reach this. @Mndel
et al. proposed the so called PSA algoritim! [17], developed aPta@forma Solar de
Almeria Niewienda and Heidt stated a simple vector to define this diredtion [6].

coshg sinAg
Vsol = | c€oshg cosAg

sinhg

T=_—(t—12) (5)

For each triangle two angles are computed, the azirAntangle between the horizontal
normal projection and East), ang (angle between the normal to the triangle and the
horizontal plane). The solar incidence andig,is then computed for each triangle [18] 19].
Please note that these new references will only be used for the determioitinds angle.

Sindexp = cos¢’ cosdcogT —N')+sing’ sind (6)
where

sind’ = —cos¢ sinyn CosAy + sind cosyy (7)

tan\ — sinyn SinAy ®)

~ sing sinyn CosAy + COS$ COSYN

Once this is done, the intersection between triangles is checked. Thisianalpdves a
high computational cost. To diminish this cost we have considered fouiivggpeints for
each triangle as can be seen in Fiddre 2, left. This is not the only possibility wia can, if
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Figure 2. Warning points for shading analysis

needed, add more precision to the shade detection simply increasing thermmfinvbeing
points as can be seen in Figlife 2 right, where now we have sixteen waiittg instead
of the former four points.
We assign a different level of lighting or shade to each triangle of the mesénding
on the number of warning points that lie inside other triangles. Specificallyarsgte A
will have an associated lighting factor which, for the case of four warpoigts, will be
4—i

Li="F 9)

with i = 0,1,2,3,4 being the number of warning points inside other triangles that are in
front of A. Clearly, Lt is a quantity between 0 and 1. This factor is used below in the
estimation of beam and diffuse irradiances.

3 Solar radiation modelling

Once the terrrain is discretized by means of adaptive meshes, it is time to tmlithda
radiation values on every triangle. This will be done usirsglar radiation modebased on
the work of Sari and Hofierka 1] 2]. The obtained values are compotegach time step,
taking into account the shadows over each triangle of the suffacey[4isibhg the method
described above.

The results that we would have right now, are the clear sky radiation sjalbis is,
the solar radiation values considering clear sky conditions. Howevere sire weather
characteristics are a tremendous influence on the true radiation valuesaittathe surface,
it is essential to take them into account. This way we will obtain the real skyesalu
Due to its random nature, the approach to this matter needs the knowledgaeb$ the
actual existing meteorological variables in a place. The simplest and maostateway to
face this issue is using observational radiation data available from diffexeasurement
stations. We can now analyze the real sky radiation values for a chageor agnonth for
the whole spatial desired zone, or we can decide to make a previous $tatislyais of the
observational data to get more accurate results about what realdi&tion we can expect
in a place in a certain date and time of the year. The statiscal analysis of tlabkvdata
will give a Typical Meteorological YeafTMY) [20] 21]] which will be the starting point to
convert the clear sky into real sky.

Finally, the calculations flow would be:

1. Solar radiation calculation for all the mesh, assuming clear sky conditions
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2. TMY calculation for all the involved mesurement stations
3. Correction of the solar radiation values using the measured valuesctotreareal
sky conditions

Steps one and three are repeated for each time step and finally the totahd@ton
value is obtained integrating all the instantaneous values.

3.1 Solar radiation equations for clear sky

The global solar irradiance comprises three different compondmam diffuseandre-
flectedirradiances. The first one, though partially attenuated by the atmospbkeret
reflected or scattered and reaches the surface directly. The segerid the scattered i-
rradiance that reaches the terrain surface and that goes in all diseatighproduces no
shadows of the inserted opaque objects. The third one is the irradiancke iwheflected
from the surface onto an inclined receiver and depends on the gedioedo.

The relative importance of these three kind of irradiances dependsthpaky con-
ditions. In sunny days, the diffuse radiation would be no more than the 15P& global
radiation, while on overcast days its importance will be much greater. Texted or
albedo irradiance is the one with the lowest contribution to the global.

3.1.1 Beam radiation

According to J.K. Page [22], we will take the solar constant outside the atmeos at the
mean solar distancéy, as 1367 (W/m). Due to the earth’s orbit eccentricity, a correction
factore is needed for the calculation of the extraterrestrial irradidBge

Go = lpe (10)

wheree = 1+ 0.03344 cosj’ — 0.048869, with j’ being the day angle; see equatibh (4).
The beam irradiance, normal to the solar be@m, (W/m?) is attenuated by the cloudless
atmosphere, and calculated as follows:

Gpoc = Go exp{—0.8662TLKm€3R(m)} (11)

The term 086627« is the dimensionless Linke atmospheric turbidity factor corrected by F.
Kasten[[23]. Subindeg shows that we are calculating clear sky irradiances. The parameter
min (@) is the relative optical air mass calculated using the formula [24],

P/ Po (12)

m=
sinhi*" +0.50572h°" 4 6.07995 16364

wherehE)ef is the solar altitude in degrees corrected by the atmospheric refraction nentpo

Ah[ff, andp/po is a correction for a given elevatian
Taking into account what written above, the beam irradiance on a heeizanface for
clear sky condition&pc(0) becomes,

Goc(0) = Gpoc L sinhg (13)
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wherehg is the solar altitude angle ahd, the lighting factor that corrects the beam irradian-
ce as the surface is sunlit or shadowed. Then the beam irradiancearwiiaed surface for
clear sky condition&yc(B) is obtained as,

Goc(B) = GpocL 1 SiNdexp (14)

wheref3 is the angle between the inclined surface and the horizontaldapds the solar
incidence angle measured between the sun beam direction and its projectinrinelined
surface. Note that, for horizontal surfacdg,, coincides withhg.

3.1.2 Diffuse radiation

The estimation of the diffuse component in horizontal surf&g$0)(W/m?) is carried out
using the equation,

Gdc(0) = GoTn(Tik )Fa(ho) (15)

As can be seer4c(0) is a function of the diffuse transmissidp which, at the same time,
depends on the Linke turbidity factdik. Also, we have the functioRy which depends on
the solar altitudédng [25].

The transmission functiof,(T k) will be,

Tn(Tik) = —0.015843+ 0.030543 k -+ 0.0003797% (16)
And, Fy(ho),
Fa(ho) = A1+ Agsinhg + Agsin hg a7)

where the values ok, A, andAs are,

A] = 0.26463-0.061581 « +0.0031408%

aom D2 <00

AL = A if A\ Th(Tik) > 0.0022 (18)
A, = 2.04020+0.018945 « —0.01116T5%

As = —1.3025+0.03923T « +0.0085079%

To obtain the clear sky diffuse irradiance on a inclined surface with arleapg
Gac(yn)(W/m?),both, sunlit and shadowed surfaces (see sekfion 2.2), have tosidereal
following the equations proposed in [26]. For sunlit surfadas= 1) the equations are,
If hg > 0.1 radians

Gac(Yn) = Gac(0) (F (Yn) (1= Kp) +Kp S::hop> (19)

If hg < 0.1 radians

Gdc(Yn) = Gde(0) [F(Yn) (1 — Kp) + (KpSinyn cosA ) /(0.1 — 0.008n)] (20)
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whereAly = Ao — An

if —nm<Ay<T then An=Ay
if Ay>m then An=Ay—2n
if Aljy<-T then AnN=A\+21

For shadowed surfacek{( < 1).
Gac(Yn) = Gdc(0)F (W) (21)
whereF (yn) is a function defined for the diffuse sky irradiance that may be computed as
F(y) =ri(yw)+N (sinvN — YN COSYN — IS %N) (22)
beingri(yn) a fraction of the sky dome viewed by an inclined surface,

ri(y) = (1+cosy)/2 (23)

The value oiN for shadowed surfaces is25227 while, for sunlit surfaces under clear sky,
it is defined as,

N = 0.00263— 0.712K}, — 0.688%? (24)

Ky is a proportion between beam irradiance and extraterrestrial solaiaimczdon a hori-
zontal surface,

Kp = Gpc(0)/Go(0) (25)
where
Go(O) = Ggpsinhg (26)

3.1.3 Reflected radiation

The last component to take into account is the ground reflected irradiendes clear sky
(Gr(yn)). According to Muneer[[27], this will be proportional to the global horitadn
irradianceGc(0), to the mean ground albegg and a fraction of the ground viewed by an
inclined surfaceg(yn).

Gr(YN) = PgGc(0)rg(yn) (27)
where

rg(yw) = (1—cosy)/2 (28)

Ge(0) = Gpc(0) + Gac(0) (29)
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3.2 Solar radiation under real sky

Once we have the clear sky radiation values, a correction to obtain thekseahlues is
necessary. This correction is needed due to the presence of clohes/allies of global
radiation on a horizontal surface for real sky conditi@{®) are calculated as a correction
of those of clear skys:(0) with the clear sky indekc,

G(0) = Ge(O)ke (30)

To calculate the clear sky index map on a zone, some measures of globtibraGs(0)
(where subindex meansstation) are needed. Therefore, it is mandatory to have some
measurement stations with available data on the zone under consideratiois.dase, the
value of the clear sky index at each of those points may be computed as,

ke = Gs(0)/Gc(0) (31)

At this point we have clear sky indekd values only for the measurement stations. The
next step will be the interpolation of the index for the whole zone. A simple ftarthat
has also been used in other environmental problems defined on compigaming [28] is
applied,

Sh1d A1 A
ke=¢—g—71 +(1-8) 71" (32)
1@ 2n=1Tahy|

wherek. corresponds to the clear sky index at each point of the mieghs the clear
sky index obtained at the measurement statibhss the number of stations used in the
interpolation,d, is the horizontal distance arjdh,| is the difference in height between
stationn and the studied point, respectively, ands a parameter between 0 and 1. In
problems with regular orography or in two-dimensional analysis, we &hbigh values of
€. However, for complex terrains, lower valuessérre a better choice. Thus, since it is
very common to have regions with both regular and irregular zones, amidigxte value
of € is more suitable. We have to include the case where the studied point coindgides
a measurement station. In such cases, equdfidn (32) is not continuegisoiitinuity is
ensured if we assume the measured value at those points. To calculateuthef\,(0)
andGgq(0) under real sky, a similar procedure may be applied from experimentalnesas

3.3 Typical meteorological year

To estimate the real sky radiation, we will use the actual radiation values etit&iom
several measurement stations (seé 3.2). However, those data belagigeio moment and,
using values from a single year would take us to a non reliable result sieasséd data
are fruit of the weather conditions in that particular day of that year.voaahis problem
we need an accuratgpical meteorological yeafTMY). A revision of different methods to
obtain a TMY can be seen in the work of Argiriou et al.[[29].

The method applied in this Chapter is described in [21], but a brief explanedio be
seen in section 3.3.1 and[in 313.2.
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3.3.1 Time series analysis

As we can see in the literature, autoregressive moving average (ARMéglsare widely
applied to time serie$ [30]. A series can be adjusted by means of an addityye w

Y = z[aicoqooit) + Bisin(wit)] + & (33)

wherew s a constant and the deterministic part of Yheariability is a trigonometric series,
and the random componeastfits an ARMA model,

& = Q& _1+... +Q@p&_pt+a+061a_1+...+0ga_q (34)

The model orders ang andq, and its variability depends upon their inmediately previous
values and a random seri@g which satisfies the following:

E(a)=0 V(a)=0; Cova,a k) =0 Wtk

To soften irregularities, moving averages are recommended. Theseambs adjusted by
the least-squared method. Due to the cyclical character of our seriesriaranalysis is a
good choice. Having this in mind, Equatidn133) becomes:

Yt:oloJril [aicos<T>+Bisin<T>] +& t=1...n (35)

beingT the cycle period. The moving average method allows to minimize the time series
noise, transforming; series in another one by means of the following transformation,
m
MY = % wj%iyj (36)

j==m

beingw m+...+wo+ ...+ wnthe weights for the adjusted series mean.
To soften the available time series, the Henderson moving averageyihgreas been
used. Its amplitude isr@+ 1 = 21, and the weight values are,
Vj .
i=—— j=-10,—9,...... 10
“i =~ 3059 ! )T

3.3.2 Maximum, mean and median trends

TMY can describe both, daily global solar irradiation and daily sunshimatidun (see([20,
[27]). Ata considered location, the relevant climatic parameters evolutiobeeepresented
generating a characteristic year series by means of a one year dusaias) §his is the
TMY. Itis necessary to compute the daily typical meteorological year of maxispnmeans,
medians, variance and percentiles of 90% and 75% series of valueslelrnt@improve the
knowledge of solar intensities, one TMY for each of those series is obtaisiag weight
means to smooth the irregular data. Finally, the TMY series has to be fitted to grthdte
Fourier series. Once all the TMY series are analyzed, the real trehd gfobal irradiation
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behaviour in every location is represented by the median TMY series &®caeans are
more susceptible to spurious data.
The proposed model to represent daily time series for radiation is:

Td —Zad
S

whered = 1,...,365 anda=1,...,A being A the number of years with dataM is the
average of all the original valu&sgy, sq the series variance, amgy is the residual ARMA
series computed using (34).

For means, we have used the moving avetdgge

—M =2y (37)

1 A
fy=5 > MarZas  d=12,...,365 (38)
Aa:l

In the other hand, the median series is,
M, = medianZaq) a=1,...,A d=1,2,...,365 (39)
As always, the Henderson moving average was used,

Mg=MxnM, d=12...365 (40)

Measurement Station C2 La Aldea
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Figure 3. TMY trends for station C2l-a Aldeain Gran Canaria Island (Spain)

As an example, the TMY trends for one measurement station can be seenre¥ig

4 Irradiation maps

One of the aims of this Chapter is to explain how an irradiation map can be ohtdines!
far, we have reviewed how to define the terrain where we want to knovathation values,
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how to calculate these values for an instant, and how to take into accourasthehadows
for every hour. Therefore, we are ready now to apply the conceqisieed above and
obtain the mentioned maps.

The first step consists in defining the zone to be under considerationisIGllapter
we will use the island of Gran Canaria (Canary Islands - Spain) as gectole, by way
of example. The island capital coordinates ared®8latitude and-15°25’ longitude. The
UTM coordinates (metres) that define the corners of the consideréghgedar domain
including the island aré4170253061825 and(4664753117475, respectively. Using the
refinemet/derefinement parameters as explained by Montero gt al. [4]slawiid 5866
nodes and 11683 triangles was built to describe the orography (seeBigand albedo of
the island. To define the albedo, the different types of land use in Graari@dsland have
been studied. The Spani§tonsejo Superior Geograficstates eleven different types of
land for this island. In this simulation, the albedo of the zone varies fr@m Macaronesic
laurisilva) to Q6 (Salt mine) (see Figuig 5). The available measurement sthionthe
island are described in Talile 1, and its position can be seen in Eigure 4ingteom the

[
x10

r -1800

31 r 1600
r 1400
31r
1200

300 [ 1000

3.08

3.07

3.06 . . . . I |
4.1 4.2 43 4.4 45 4.6 47

Figure 4. Elevation map of Gran Canaria Island

albedo and topography data, we will construct a mesh of triangles whichbmaslapted to
the geographical characteristics of the terrain by using a refinemeiitigenent procedure
which takes into account elevation and albedo maps, simultaneously. Heilalzedo

1Courtesy of thenstituto Tecnolégico de Canarias
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Table 1. Geolocation of different measurement stations on Gran Caslaal |

Station label latitude longitude height
Pozo Izquierdo CO 27.8175N 15.4244W 47
Las Palmas de G. C. Cl 28.1108 N 15.4169W 17
La Aldea de San Nicolas C2 27.9901 N 15.7907W 197
San Fernando de M. C4 277716 N 155841W 265
Santa Brigida C5 28.0337N 15.4991W 525
Mogan (village) C6 27.8839N 15.7216 W 300
Sardina de Galdar C7 28.1681N 15.6865W 40
% 107
3121
40.55
3Nt los
+40.45
31t
+40.4
40.35
309}
40.3
~0.25
3.08}
0.2
307t 0.15
0.1
306 1 | L 1 1 1
4.1 4.2 43 4.4 4.5 4B 47 008
b3
w10

Figure 5. Albedo distribution for Gran Canaria Island

must be known at each point of the mesh and, thus, they have to be intecoflam
elevation and albedo mappings, respectively. Of course, great vagatigopography or
albedo implies more points to define the mesh, this is, we will have triangles fremw a f
kilometres (e.g., on the sea) to a few metres (e.g., on steep slopes) of egipe Tenobtain

a good accuracy, we chosg = 130 ande; = 0.08, so that a mesh with 5866 nodes and
11683 triangles was built to define Gran Canaria Island (see Figure BYio@ly, this

is not the only possible mesh. If we choose diferent valuesf@nde,, we will obtain
different meshes. We will get a coarse one with 2164 nodes and 424glesawhen we
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Figure 6. Triangular mesh adapted to topography and albedo

useen = 240 ande, = 0.10. Finally a fine one, containing 9276 nodes and 18462 triangles,
can be constructed witk, = 100 ande,; = 0.07. Both meshes can be seen in Fidure 7.
Once the terrain and albedo characteristics have been modelled by meansesh, the
solar radiation equations seen in secfibn 3 can be applied. The obtainks feseach and
every time step of a day (e.g. an hour) need to be weighted by the shdgisdane i 2.P.
Beam, diffuse and reflected radiations are comptued using the above neengiguations,
and taking into account the calculated shadow distribution on the mesh. fdheach day,
the clear sky global irradiance is computed with the desired time step, as tiieradd
the three components. Diffuse radiation calculation implies the need of knderignke
turbidity factor which can be obtained online from the SoDa SerVice [31¢&ch month.

Now that all the irradiance values are calculated for every time step, if wetov&know
the actual energy as radiation that reachs any point of the mesh, we wvéltdnategrate the
irradiance, for example, along a day. For this purpose we have us&thtipson formula to
integrate these data numerically in order to obtain the daily radiations. In fBgweecan
see the flow of actions to obtain the daily irradiation values for real skyitiond. Please
note that, as it is said in Figulré 8, we will need to use the clear sky index cotihuteigh
all the measurement stations available over the considered zone andhaftexpply an
interpolation of this index for the whole region. This was explained in seci@n 3

Now we are able to draw an irradiation map for a time period. As we can have the
irradiation values for any point of the mesh and for a day or a month, it isteasonvert
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Figure 8. Actions flow to obtain irradiation values

these numerical data into a picture. For example, we can see the irradiatioof Bagn
Canaria Island for December (TMY), for clear sky conditions. In Féfiwrbeam (left) and
diffuse (right) radiation maps (JAnare presented for December TMY. In Figliré 10 we can
see the reflected and global radiation for the same month.

If we take a look at the obtained results, we can see that, under cleaps#itions,
beam, diffuse and reflected radiation values are about®8226, 13— 18% and 0- 0.5% of
the mean global radiation respectively.

Figure[11 shows the global irradiation map for the island under real shgitbons for
December considering a typical meteorological year. The monthly dailageeeal sky
global radiation, for the whole studied region of the example (Gran Calsfaiad), varies
from 10.6, MJ/n? per day in December, to 25 MJ/n? per day in June (see Figurel12). In
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Figure 10. Reflected (left) and Global (right) radiation maps §Jfor December TMY

this Figure we can see the annual evolution of the computed monthly avesageypfor
both, clear sky and real sky global radiation.

Taking a look at the differences between both curves we obtain HiglireHee the
percentage decrease from the computed radiation is presented. In s fig observe
the radiation behaviour for our example, where the most clear days averhble island
are those from Spring, especially during the months of May and June. aWWeser the
typical behaviour of the cloudiness produced by the Trade Winds oeeistiind during
Summer. The months of July and August show a separation from the trenddhk be
expected when we are talking about this season. That decrease iditttéoralevel over
the whole island is caused by the above mentioned cloudiness which aff&uimimer to
the northern part of the island.

Below (Figure[I#) we can see the global real sky irradiation maps for thghsof
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June and September TMY and a southeast three-dimensional view ofntigeradiation
map for the TMY month of March (Figuie1L5).
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5 lIrradiance graphs

The previous section showed the distribution maps for irradiation as deddnjblSO 9488,

25

19

this is, the radiation energy density that comes into contact with the terradidtion maps

are very useful to find the best places in a zone where to install a soler gtation from
the perspective of the energy maximization, or, for example, simply for clinmatiysis or

for farming production objectives.

However, solar radiation incidence on the terrain is not constant alonggtheAs e-

verybody knows, radiation increases from zero at dawn, up to a maxemhuaoon and then
decreases until the sunset, when it becomes zero again. Of couegeyevhave computed

in previous sections was the integration of these radiation curves along @tda irradia-

tion per time unit is thérradiance, usually given in W/rd.The analysis of irradiance values

and graphs is of utmost importance when it comes to studying the electric genweration

through solar radiation conversion. An irradiance graph for a TMYi@aar day, allows us
to know the electric power production per hour (or per another time stegf eam be of big
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Figure 15. 3D global Real Sky radiation map (3)rfor March

help when trying to make an optimal electric power dispatch in case of haviigiablar
energy penetration in the electric power system. This fact is increasinglylikely due to
the growth of solar power installed, whether it be photovoltaic or solar tHeyoveer.

At this point, the process to obtain the irradiance is very simple. Actually, veaadyr
do have irradiance values, since we integrated them as showed in Bigrd-@jure[16,
the actions flow for the extraction of the irradiance values is showed. alcalation of
the subsequent conversion to electric power is easy introducing the nodgistovoltaic
and/or solar thermal power conversion.

With regard to the real sky irradiance, it will be calculated (Fidqude 16) usieclear
sky index values obtained by means of equaffion 32 and considering a diisé@oution
along the day. This is done to avoid an extremely high computational cost. # atau-
racy is neededs; can be calculated for every time step as long as there are available data.
In Figure[17, the calculated irradianceMaspalom%for clear and real sky are showed
for January, 1% (left) and July, 18 (right). All values are calculated assuming a horizontal
surface. The abscissa are theordinated Universal TimgJTC) for Gran Canaria Island,
which is around one hour forward respect to the local solar time. As bankairradiance
graphs allow us to know the evolution of the electric power generated thi@pgotovoltaic
or solar thermal conversion. In these cases, the surface thatesdbe/radiation is gene-
rally not horizontal. As the objective is to maximize the energy productiontopbtiaic
panels or solar thermal collectors will have a certain inclination respectritaéntén order

2South of Gran Canaria Island, next to C4 Station -see[ig. 4-
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Figure 16. Actions flow to obtain values for irradiance and electric poweeration
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Figure 17. Daily irradiance (W/R) for Maspalomas. January (left). July (right)

to get the maximum solar radiation. The optimal inclination depends on the latitutle of
zone under study and, of course, on the month, day and time to be causiddrerefore,
this angle is desirable to be changed along the year though it is very commad tofar
facilities, especially in photovoltaics, with fixed inclination collectors to redustsc

Due to the great importance of the solar energy conversion into electrierpiois suita-
ble to use the model with surfaces inclined respect the horizontal. The veahteve this
goal is considering a photovoltaic panel or a solar thermal collector té@tsar the terrain
mesh by means of two or more triangles with the desired inclination and then|atalcu
the irradiance over it. That is how figurges] 18 19 have been donthein, we can
see the daily irradiance for a south oriented collector in Maspalomas, JulysSthevith
different inclinations and with a time step of 30 minutes. Maximum irradianceTaele2
is obtained with a collector inclination of 2@t 13 UTC (12 solar local time). Please note
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that maximum irradiance does not implies a maximum daily irradiation becausertbke pa
orientation (south in this case) affects the incidence of the sun rays atsthenid last hours
of the day what causes small differences between the irradiance istegra
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Figure 18. Daily irradiance for Maspalomas, July.%anel inclination: ®(L), 5°(R)
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Table 2. Maximum irradiance. Maspalomas, July th&® 153 UTC

Collector inclination
Irradiance (W/r)

0 5 10 1%
790 796 798 795

This numerical model allows to evaluate the irradiance for different oients and
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inclinations. As an example, the daily irradiance on a collector inclin€da&d oriented
east or west, is presented in Figliré 20. The left figure shows the eastedl collector,
and the right one the west oriented. The studied point is in Las Palmas deCareria
(north of the island) and the date is January"1% is obvious that both curves are now
asymmetrical. The east oriented panel receives higher irradiances\dluimg the first
hours in the morning, with a maximum at 10:30 UTC (time steps /& Hour) of 566.3
W/m?2. On the contrary, the west oriented one receives more irradiancegdhgrsecond
half of the day, with a maximum value of 567.8 W/t 16 UTC.
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Figure 20. Irradiance for Las Palmas de Gran Canaria, Janu&ryPEhel inclination: 60
Orientation: East (L), West (R)

In case of photovoltaic or solar thermal power exploitation, especially with adar
energy penetration in the electric power system, an optimal power dispateadsd. The
problem is that we really do not know the exact electric power that camdzkiped tomo-
rrow or the day after tomorrow. Moreover, to adjust the electric gener&ithe particular
Load Curve of a system, we need to know the solar power along the degctin daily
solar power hour by hour, but that is simply impossible. Most that can he @oa pre-
diction of the power generated hour by hour. This prediction would habe toased on a
weather forecast that estimates some local weather variables which altownsw if it is
probable to have a cloudy or sunny day at any hour. Therefore, wdnaeed is to adjust
the clear sky indeX; hour by hour, to draw an irradiance graph that takes into account
the presence of clouds in the hours that they are expected, this is, ttataldifferentk;
depending on the hour. What is new in this approach respect to whatomasabove? The
answer is easy: Our first approach was applying the clear sky indeknieaa way along
the day. Now, that index can have different values for each howa.r&st of the procedure
would be the same as explained above.
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6 Conclusions

A numerical model for estimating the solar radiation on a surface is presehteeded
requirements are the location, topography, albedo and observatidaalStalar radiation
on a surface is estimated taking into account the shadow distribution in each tjme ste
For this purpose, the adaptivity of the triangulation related to the topograpthyalbedo
is essential. Adaptive meshes lead to a minimum computational cost, since thermimbe
triangles to be used is optimuim [4].

A Typical Meteorological YeafTMY) [21] is needed to convert the clear sky into real
sky radiation values. To calculate these, we propose an interpolation nveticidis suita-
ble when a considerable number of stations is available and they are webidstirin the
zone under study. Another procedures, such as spline functioistdéopolating the clear
sky index on the surface (see elg./[32]) can be applied. Solar p@meration, photovoltaic
or solar thermal, can be estimated from real sky values, taking into adt@umbdels of the
different power station parts. Moreover, rectangular collectors eanduded in the model
as composed by two triangles in the same plane, with a given inclination andatioen

The model allows estimating the irradiance for any day (TMY) with the desired time
step. This could be a big help in forestry, agronomy or electrical engimgeelt can be
an interesting tool regarding to the optimal power dispatch in case of haglagmower
generation. For this purpose we need to add meteorological informatioex@mple from
MM5, WRF, HIRLAM) to obtain a predictive solar radiation model.
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