
Available online at www.sciencedirect.com

ARTICLE IN PRESS
www.elsevier.com/locate/solener

Solar Energy xxx (2009) xxx–xxx
Solar radiation and shadow modelling with adaptive triangular meshes

G. Montero *, J.M. Escobar, E. Rodrı́guez, R. Montenegro

University Institute for Intelligent Systems and Numerical Applications in Engineering, University of Las Palmas de Gran Canaria,

Campus Universitario de Tafira, 35017 Las Palmas de Gran Canaria, Spain

Received 25 March 2008; received in revised form 4 January 2009; accepted 7 January 2009

Communicated by: Associate editor Christian Gueymard
Abstract

In this work, we propose a numerical model for generating solar radiation maps with the use of 2-D adaptive meshes of triangles.
These triangulations are constructed by using a refinement/derefinement procedure in accordance with the variations of terrain surface
orography and albedo. This discretization has the advantage of defining the terrain characteristics with a minimum number of points,
which reduces the computational cost for a given accuracy. Moreover, the model takes into account the effect of shadows for each time
step, which are detected by analysing the crossing of the trajectory of the shaft of light with the triangles of the mesh. Thus, the solar
radiation is first computed for clear-sky considering the different components of radiation, that is, beam, diffuse and reflected radiations.
From the results of clear-sky radiation, the real-sky radiation is computed daily in terms of the clear-sky index. 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. We illustrate the performance of the
model with a numerical experiment related to an episode on the island of Gran Canaria.
� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays, the solar power is one of the world’s most
highly prized renewable energies. Many numerical models
have been developed with the aim of maximizing solar radi-
ation collection.

There are three groups of factors that determine the
interaction of solar radiation with the earth’s atmosphere
and surface (see e.g., Šúri and Hofierka (2004, 2002)):

a. The earth’s geometry, revolution and rotation (decli-
nation, latitude, solar hour angle).

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

c. Atmospheric attenuation (scattering, absorption) by
0038-092X/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.

doi:10.1016/j.solener.2009.01.004

* Corresponding author. Tel.: +34 928451923; fax: +34 928457402.
E-mail address: gustavo@dma.ulpgc.es (G. Montero).

Please cite this article in press as: Montero, G. et al., Solar radiatio
Energy (2009), doi:10.1016/j.solener.2009.01.004
c.1. Gases (air molecules, ozone, CO2 and O2).
c.2. Solid and liquid particles (aerosols, including non-

condensed water).
c.3. Clouds (condensed water).

If we consider the three factors of atmospheric attenua-
tion (c) in the model, it will produce real-sky radiation val-
ues. If we omit the cloud attenuation (c.3), clear-sky
(cloudless) radiation values will be obtained.

The spatial modelling of solar radiation has been carried
out over the last three decades in order to optimize the
solar resource management. In general, and considering
the type of basic data/approach, we find two main groups
of spatial models. There are, on the one hand, those based
on the study of data obtained from satellite observations
(see e.g., Cogliani et al. (2008)), and, on the other, those
based on the astrophysical, atmosphere physical and geo-
metrical considerations. Among the latter group, we high-
n and shadow modelling with adaptive triangular meshes, Sol.
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light the works of Šúri and Hofierka (2004, 2002) regarding
a GIS-based solar radiation model.

The purpose of this paper is the calculation of solar radi-
ation on the terrain. The possible applications of these cal-
culations are related to different fields. Solar radiation
research is important not only in meteorology but also in
forestry, agronomy, geography, medicine, etc. Solar radia-
tion affects all physical, chemical and biological processes
in the terrestrial ecosystem. For solar collectors, the appli-
cation of our model is straightforward. It can determinate
the terrain-induced shading on collectors, although cur-
rently it is not oriented to radiation computation on them.
We should use the altimetry for shadow modelling and a
fixed orientation and inclination of the collectors in order
to calculate the solar radiation. The shadowing of a collec-
tor over another would not be considered by this model at
the present form.

In this work, we propose some improvements to the
model of Šúri and Hofierka (2004, 2002) related to the sec-
ond factor (b) affecting the solar radiation. However, they
can also be applied to other similar models for generating
solar radiation maps. Specifically, we focus the study on
the accurate definition of the terrain surface and on the
produced shadows by using an adaptive mesh of triangles.
Some previous studies on shadow detection are based on
the geometrical considerations but they are too costly in
processing time to apply in complex terrain (see e.g., Niewi-
enda and Heidt (1996) and Zakšek et al. (2005)). First, the
work of Niewienda et al. proposes to calculate the GSC
(geometrical shading coefficient), the proportion of shaded
area of an arbitrarily oriented surface surrounded by shad-
ing elements as a function of time and location. It focuses
on the detection of shadow over local surfaces, buildings,
objects, etc. Also, Zaksek et al. propose a solar radiation
model based on the defining incidence angle by computing
normal-to-the-surface tangent plane and direction of the
Sun. Since they use a regular grid in their computations,
the computational cost of this approach is higher than oth-
ers using an adaptive discretization.

The methods of Dozier et al. (1981) and of Stewart
(1998) calculate approximate horizons for each sample
point of the terrain surface. They do not consider a solid
surface and, thus, need a high density of sample points in
order to obtain accurate results. In contrast, our approach
uses a mesh representing a solid surface that actually casts
shadows and so it is not as sensitive as the former to the
density of sample points. The adaptive triangulation of
the terrain allows the shadow distribution in a region to
be obtained with reasonable precision at a low computa-
tional cost. Thus, we propose to introduce in this field
the mesh refinement/derefinement techniques that have
been widely used in other scientific problems (Winter
et al., 1995; Ferragut et al., 1994; Montero et al., 2005,
2004). On the one hand, the refinement strategy increases
the resolution of the mesh by subdividing a given triangle
(father) into several subtriangles (sons). On the other hand,
the derefinement, i.e., the elimination of mesh triangles, is
Please cite this article in press as: Montero, G. et al., Solar radiatio
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the inverse procedure of the refinement. Specifically, this
model includes the implementation of 4-T Rivara’s refine-
ment algorithm (Rivara, 1987) and derefinement algorithm
(Plaza et al., 1996), developed by Ferragut et al. (1994).

In short, our adaptive model allows the refinement of
the results of a GIS-based model that would have a high
computational cost in accurate local area simulations. In
addition, this model may be connected to a GIS tool as a
local solver.

In Section 2, we develop the technique for generating the
meshes adapted to topography and albedo. The resulting tri-
angular mesh provides a discretization of the studied zone
with greater density of points where there are more varia-
tions of altimetry and albedo. The procedure used for deter-
mining the shadows according to the solar hour angle and
terrain characteristics is presented in Section 3. From the
surface discretization and shadow distribution, we carry
out the estimation of the solar radiation under clear-sky con-
ditions, considering the beam, diffuse and reflected radia-
tion. Then, the real-sky solar radiation is computed using
available measures at a set of points. This aspect is described
in Section 4. Section 5 is devoted to showing the results of a
numerical experiment in the Canary Islands which illustrate
the performance of this model. Finally, we present our con-
clusions and propose future research.

2. Construction of the terrain surface mesh

Orography and albedo are two essential variables to be
included in a solar radiation model. If accurate informa-
tion of the terrain orography and albedo is available, an
adaptive procedure of mesh refinement/derefinement
should be able to capture them simultaneously. This proce-
dure has been carried out using two different derefinement
parameters. Other approaches such as Delaunay triangula-
tion or other more complex triangulation methods capable
of adaptation to specific features (e.g., ridges, valley bot-
toms) and changing complexity of represented phenomena
may be applied. Although all these methods may be valid
for defining the initial mesh adapted to terrain orography
and albedo, nested meshes are more efficient to transfer
information along an evolution process (for example, sha-
dow and radiation) from mesh to mesh, when the mesh
changes from one step to another (for example, mesh adap-
tion). In these processes, local adaption to shadow bound-
ary and radiation gradient using refinement/derefinement
of nested meshes would be preferable to remeshing.

The mesh generation process starts with the determina-
tion of nodes allocated on the terrain surface. Their distri-
bution must be adapted to the orographic and albedo
characteristics in order to minimize the number of required
nodes for a given accuracy. The procedure first builds a
sequence of nested meshes C ¼ fs1 < s2 < . . . < smg from
a regular triangulation s1 of the rectangular region under
study, such that the level sj is obtained by a global refine-
ment of the previous level sj�1 with 4-T Rivara’s algorithm
(Rivara, 1987). Each triangle of level sj�1 is divided into
n and shadow modelling with adaptive triangular meshes, Sol.
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Fig. 1. Reference systems and Euler angles.
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four subtriangles inserting a new node in the middle point
of the edges and connecting the node inserted in the longer
edge with the opposite vertex and with the other two new
nodes. Thus, new nodes, edges and triangles that are
defined as corresponding to level j appear in the mesh level
sj. The number of levels m of the sequence is determined by
the degree of discretization of the terrain, i.e., the diameter
of the triangulation sm must be of the order of the spatial
step of the digital map that we are using. In this way, we
ensure that this regular mesh is able to capture all the oro-
graphic and albedo information by an interpolation of the
heights and albedo in the nodes of the mesh.

Then, we define a new sequence C0 ¼ fs1 < s02 < . . . <
s0m0 g;m0 6 m, by applying the derefinement algorithm (Fer-
ragut et al., 1994; Plaza et al., 1996). In this step, two dere-
finement parameters eh and ea are introduced and they
determine the accuracy of the approximation to terrain sur-
face and albedo, respectively. The absolute difference
between the height obtained in any point of the mesh s0m0
and the corresponding exact height will be lower than eh.
A similar condition is established for the albedo and ea.
Finally, the derefinement algorithm (see Algorithm 1) uses
all the information of the element and edges genealogy
defined in the sequence. The derefinement condition simul-
taneously takes into account the requirements of both
height and albedo. On the one hand, we consider the anal-
ysis of the absolute difference between the exact height
(usually referring to an interpolated value from the digital
map) of a node and the interpolation of the height corre-
sponding to the two extreme nodes of its environment edge,
i.e., the edge in which that node was inserted in the middle
point during the refinement process. On the other hand, the
same analysis is carried out with the albedo. If the first dif-
ference related to the height is lower than eh and the second
difference related to the albedo is lower than ea, simulta-
neously, then the node may be eliminated, although in
some cases it will have to be kept for reasons of conformity.

This type of meshes has been successfully used in other
problems as a previous step to construct a three-dimen-
sional mesh of tetrahedra (Montenegro et al., 2002a,b;
Montero et al., 2003).

Algorithm 1. Derefinement algorithm.

INPUT: Sequence C ¼ fs1 < s2 < . . . < smg.
for j ¼ m to 2 do {Loop in the levels of C}

For each node corresponding to sj, the derefinement
condition is evaluated, and the nodes and edges that
may be eliminated are marked by using derefinement
vectors.

The conformity of the new mesh level j is ensured
minimizing the derefined region.

if any node corresponding to sj stands then

New node connections are defined for the new level
j: sj

j.
The vectors of the genealogy of sj

j and sj�1 are
modified.
Please cite this article in press as: Montero, G. et al., Solar radiation
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else

The current level j is eliminated from the structure
vectors.

The vectors of the genealogy of sj�1 are modified.
end if

The changes in the mesh are inherited by the subse-
quent meshes.

The structure vectors are compressed.
A new sequence of nested meshes Cj is obtained.
Cj ¼ fs1 < s2 < . . . < sj�1 < sj

j < . . . < sj
mj
g.

It is the input in the next step of the loop.
end for

OUTPUT: derefined sequence C0 ¼ C2 ¼ fs1 < s02 < . . .
< s0m0 g.
3. Detection of shadows

Geographical features appearing in complex terrains
cast shadows that must be considered for an accurate esti-
mation of the solar radiation on a surface. The procedure
for detecting these shadows stands on a simple idea. Look-
ing at the mesh from the sun, let us consider that a triangle
is in shadow if we can find another triangle that totally or
partially covers the former. To carry out this analysis, we
construct a reference system x0, y 0 and z0, with z0 in the direc-
tion of the beam radiation (see Fig. 1), and the mesh is pro-
jected on the plane x0y0 (see Fig. 2).

We have assumed that differences in the direction of
beam radiation are negligible over the area under study,
and, thus, the transformation is only done once since it is
the same for each triangle. For larger areas, the shadow
detection procedure should be modified since a different
transformation would need to be applied at each triangle
of the mesh.
and shadow modelling with adaptive triangular meshes, Sol.



(a) Mesh viewed from the sun

(b) Projected mesh

Fig. 2. Example of the shadow detection procedure.
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We have taken into account that the sun position with
respect to a horizontal surface is given by two coordinates,
the solar altitude h0 (an angle between the sun path and a
horizontal surface) and the solar azimuth A0 (horizontal
angle between the sun and meridian) measured from north
and clockwise (see Fig. 1), which are calculated as

sin h0 ¼ cos u cos d cos T þ sin u sin d ð1Þ

cos A00 ¼
sin u cos d cos T � cos u sin d

sin h0

ð2Þ

if sin T > 0; A0 ¼ �A00
if sin T 6 0; A0 ¼ A00

T is the hour angle (rad) obtained from Eq. (5), u the lat-
itude in radians and d the sun declination in radians ob-
tained according to Gruter (1984),

sin d ¼ 0:3978 sin½j0 � 1:4þ 0:0355 sinðj0 � 0:0489Þ� ð3Þ

with j0 being the day angle represented in radians as
follows:
Please cite this article in press as: Montero, G. et al., Solar radiatio
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j0 ¼ 2pj
365:25

ð4Þ

Here j is the day number which varies from 1 on January
1st to 365 on December 31st. The hour angle T (rad) is cal-
culated from the local solar time t expressed in decimal
hours on the 24 h clock as

T ¼ p
12
ðt � 12Þ ð5Þ

The vector that defines the direction of solar beam is (Nie-
wienda and Heidt, 1996)

vsol ¼
cos h0 sin A0

cos h0 cos A0

sin h0

0
B@

1
CA

Then, the transformation to x0, y 0, z0 is carried out by means
of matrix,

K ¼
cos z0 sin z0 0

� cos q0 sin z0 cos q0 cos z0 sin q0

sin q0 sin z0 � cos z0 sin q0 cos q0

0
B@

1
CA

where

z0 ¼ p� A0 ð6Þ
q0 ¼ p=2� h0 ð7Þ

z0 and q0 being Euler angles associated to the transforma-
tion (see Fig. 1).

In practice, for each triangle of the surface mesh we
compute two angles, the azimuth AN (angle between the
horizontal normal projection and East), and cN (angle
between the normal to the triangle and the horizontal
plane). The solar incidence angle dexp is then computed
for each triangle (Krcho, 1990; Jenčo, 1992),

sin dexp ¼ cos u0 cos d cosðT � k0Þ þ sin u0 sin d ð8Þ

where

sin u0 ¼ � cos u sin cN cos AN þ sin u cos cN ð9Þ

tan k0 ¼ � sin cN sin AN

sin u sin cN cos AN þ cos u cos cN
ð10Þ

Thus, we have assumed a constant irradiance on all the
points of a given triangle.

Then, we check for each triangle D of the mesh, if there
is another D0 that intersects D and is in front of it, i.e., the z0

coordinate of the intersection point with D0 is greater than
that with D.

The analysis of the intersection between triangles
involves a high computational cost. For this reason, we
have substituted the triangle that is to be studied with a
small number of inner points. In this case, we have consid-
ered four warning points whose area coordinates, refer-
enced to the master element with vertices (0,0), (1,0) and
(0,1) of Fig. 3, are (1/3,1/6,1/2), (1/6,1/3,1/2), (2/3,1/6,1/
6) and (1/6,2/3,1/6) (the geometrical centres of 4-T Rivara’s
subtriangles). We have used a rectangular grid in order to
n and shadow modelling with adaptive triangular meshes, Sol.
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classify the triangles in the mesh, which allows a fast search
of the cast shadows over the warning points.

We assign a different level of lighting or shade to each
triangle of the mesh depending on the number of warning
points that lie inside other triangles. Specifically, a triangle
D will have an associated lighting factor,

Lf ¼
4� i

4
ð11Þ

with i ¼ 0; 1; 2; 3; 4 being the number of warning points in-
side other triangles that are in front of D. Clearly, Lf is a
quantity between 0 and 1. This factor is used below in
the estimation of beam and diffuse irradiances.

In short, the code for computing the shadows calculates
the sun beam direction from the local hour, the time equa-
tion and the date, projects the mesh on the plane x0y 0 and
sweeps the triangles in order to obtain their lighting fac-
tors. Fig. 4a–d illustrate the shadows on a coarse triangu-
lation of a simple surface for different times of a selected
day (from 12:00 to 18:00 h of April, 15), from white
(lighted) to black (shadowed) triangles.
W
N

S
E

(a) 12:00 hours

W
N

S
E

(c) 16:00 hours

Fig. 4. Shadow evolution on a simple surface (April, 15). (a) A0 ¼ 180�, h0 ¼
A0 ¼ �81:35�, h0 ¼ 4:59�.

Please cite this article in press as: Montero, G. et al., Solar radiatio
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This triangular network that was optimized for albedo
and terrain variability may lack the capability to hold
detailed (spatial variability) information about shadowing.
This is the case when shadows from mountains are cast to
the flat areas with sparse triangulation. In effect, our mesh
is not currently adapted to the shadows. It is a fast approx-
imation that has taken into account the main effect of orog-
raphy and albedo on the shadow detection in the studied
zone (we are able to define the shadow boundary). So we
work with a fixed mesh for each time step. With an adap-
tive mesh we can capture such a boundary line. Other strat-
egies may be applied, for example, using a different
adaptive mesh for each time step. The proposed local
refinement/derefinement algorithm may be useful for
approximating the shadow boundaries. Of course, such
an increase in accuracy entails an increase in the computa-
tional cost.
4. Solar radiation modelling

This solar radiation model is based on the work of Šúri
and Hofierka (2004, 2002). 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. We first calculate the solar radiation under
the assumption of clear-sky for all the triangles of the
mesh, taking into account the lighting factor of each trian-
gle. Next, these solar radiation values are corrected for a
real-sky by using the available data of the measurement
stations. This procedure is carried out for each time step
throughout an episode. Finally, the total solar radiation
W
N

S
E

(b) 14:00 hours

W
N

S
E

(d) 18:00 hours

71:68�, (b) A0 ¼ �117:10�, h0 ¼ 56:39�, (c) A0 ¼ �95:50�, h0 ¼ 30:97�, (d)

n and shadow modelling with adaptive triangular meshes, Sol.



6 G. Montero et al. / Solar Energy xxx (2009) xxx–xxx

ARTICLE IN PRESS
is obtained by integrating all the instantaneous values in
each triangle.
4.1. Solar radiation equations for clear-sky

The global solar irradiance that comes into contact with
the earth’s surface comprises three different components:
beam, diffuse and reflected irradiances. The first is partially
attenuated by the atmosphere, is not reflected or scattered
and reaches the surface directly. It is characterized by pro-
jecting sharp shadows of opaque objects. The second is the
scattered irradiance that reaches the terrain surface. This
irradiance goes in all directions and produces no shadows
of the inserted opaque objects. Although this energy can
be approximately the 15% of the global radiation on sunny
days; however, on overcast days when the beam irradiance
is very low, diffuse irradiance reaches a higher percentage.
Finally, the last type of irradiance corresponds to that
reflected from the surface onto an inclined receiver. The
values of this irradiance for inclined surfaces depend on
the albedo of the ground.
4.1.1. Beam radiation

The beam irradiance (or solar constant I0) is 1367
ðW=m2Þ outside the atmosphere at the mean solar distance
(Page, 1986). A correction factor � is applied for calculation
of the extraterrestrial irradiance Gð0Þ normal to the solar
beam, since the earth’s orbit is lightly eccentric and the
sun–earth distance varies slightly throughout the year.

G0 ¼ I0� ð12Þ

where � ¼ 1þ 0:03344 cosðj0 � 0:048869Þ, with j0 being the
day angle; see Eq. (4). The beam irradiance normal to the
solar beam B0c ðW=m2Þ is attenuated by the cloudless
atmosphere, and calculated as follows:

B0c ¼ G0 expf�0:8662T LKmdRðmÞg ð13Þ

The term 0:8662T LK is the air mass 2 Linke atmospheric
turbidity factor [dimensionless] corrected by Kasten
(1996). The parameter m in (13) is the relative optical air
mass calculated using the formula (Kasten and Young,
1989),

m ¼ p=p0

sin href
0 þ 0:50572ðhref

0 þ 6:07995Þ�1:6364
ð14Þ

where href
0 is the solar altitude in degrees corrected by the

atmospheric refraction component Dhref
0 ,

Dhref
0 ¼ 0:061359

0:1594þ 1:123h0 þ 0:065656h2
0

1þ 28:9344h0 þ 277:397h2
0

href
0 ¼ Dhref

0 þ h0 ð15Þ

and p=p0 is a correction for a given elevation z expressed in
metres,

p=p0 ¼ expð�z=8434:5Þ ð16Þ
Please cite this article in press as: Montero, G. et al., Solar radiatio
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The parameter dRðmÞ is the Rayleigh optical thickness at air
mass m that has been obtained for m 6 20 with (Kasten,
1996)

dRðmÞ ¼ ðk0 þ k1mþ k2m2 þ k3m3 þ k4m4Þ�1 ð17Þ

with k0 ¼ 6:6296, k1 ¼ 1:7513, k2 ¼ �0:1202, k3 ¼ 0:0065,
k4 ¼ �0:00013.

For m > 20,

dRðmÞ ¼ ð10:4156þ 0:718mÞ�1 ð18Þ

So, the beam irradiance on a horizontal surface Bhc

becomes

Bhc ¼ B0c Lf sin h0 ð19Þ

where h0 is the solar altitude angle, and Lf the lighting fac-
tor that corrects the beam irradiance as the surface is sunlit
or shadowed. Then the beam irradiance on an inclined sur-
face Bic is obtained as

Bic ¼ B0cLf sin dexp ð20Þ

where dexp is the solar incidence angle measured between
the sun beam direction and its projection on an inclined
surface. Note that, for horizontal surfaces, dexp coincides
with h0.

4.1.2. Diffuse radiation

The estimation of the diffuse component in sunlit or
shadowed horizontal surfaces DhcðW=m2Þ is carried out
using the equation,

Dhc ¼ G0T nðT LKÞF dðh0Þ ð21Þ

where Dhc is a function of the diffuse transmission T n which
only depends on the Linke turbidity factor T LK and on a
function F d depending on the solar altitude h0 (Scharmer
and Greif, 2000).

The calculation of the transmission function T nðT LKÞ is
carried out using the second order polynomial,

T nðT LKÞ ¼ �0:015843þ 0:030543T LK

þ 0:0003797T 2
LK ð22Þ

Moreover, the solar altitude function is

F dðh0Þ ¼ A1 þ A2 sin h0 þ A3 sin2 h0 ð23Þ

where the values of A1, A2 and A3 depend only on the tur-
bidity T LK and defined as

A01 ¼ 0:26463� 0:061581T LK þ 0:0031408T 2
LK

A1 ¼ 0:0022
T nðT LK Þ if A01T nðT LKÞ < 0:0022

A1 ¼ A01 if A01T nðT LKÞP 0:0022

A2 ¼ 2:04020þ 0:018945T LK � 0:011161T 2
LK

A3 ¼ �1:3025þ 0:039231T LK þ 0:0085079T 2
LK

ð24Þ

On the other hand, the procedure for obtaining the clear-
sky diffuse irradiance on an inclined surface DicðW=m2Þ
considers both sunlit and shadowed surfaces (see Section
n and shadow modelling with adaptive triangular meshes, Sol.
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3) following the equations proposed in Muneer (1990). For
sunlit surfaces ðLf ¼ 1Þ the equations are

If h0 P 0:1 radians

Dic ¼ Dhc F ðcN Þð1� KbÞ þ Kb
sin dexp

sin h0

� �
ð25Þ

If h0 < 0:1 radians

Dic ¼ Dhc½F ðcN Þð1� KbÞ þ ðKb sin cN cos ALN Þ=ð0:1
� 0:008h0Þ� ð26Þ

where A�LN ¼ A0 � AN

if �p 6 A�LN 6 p then ALN ¼ A�LN

if A�LN > p then ALN ¼ A�LN � 2p
if A�LN < �p then ALN ¼ A�LN þ 2p

For shadowed surfaces ðLf < 1Þ.
Dic ¼ DhcF ðcN Þ ð27Þ

where F ðcN Þ is a function defined for the diffuse sky irradi-
ance that may be computed as

F ðcN Þ ¼ riðcN Þ þ N sin cN � cN cos cN � p sin2 cN

2

� �
ð28Þ

cN being the inclination angle of the surface (rad) and riðcN Þ
a fraction of the sky dome viewed by an inclined surface,

riðcN Þ ¼ ð1þ cos cN Þ=2 ð29Þ

The value of N for shadowed surfaces is 0.25227, while for
sunlit surfaces under clear sky, it is defined as

N ¼ 0:00263� 0:712Kb � 0:6883K2
b ð30Þ

Kb is a proportion between beam irradiance and extrater-
restrial solar irradiance on a horizontal surface,

Kb ¼ Bhc=G0h ð31Þ
where

G0h ¼ G0 sin h0 ð32Þ
4.1.3. Reflected radiation
Finally, the ground reflected irradiance under clear sky

for inclined surfaces ðRiÞ is assumed to be proportional
to the global horizontal irradiance Ghc, to the mean ground
albedo qg and a fraction of the ground viewed by an
inclined surface rgðcN Þ (Muneer, 1997).

Ri ¼ qgGhcrgðcN Þ ð33Þ

where

rgðcNÞ ¼ ð1� cos cNÞ=2 ð34Þ
Ghc ¼ Bhc þ Dhc ð35Þ

In effect, this is a simplified model that includes the re-
flected radiation effect considering a horizontal surround-
ing terrain. A study of the effect of sloped surfaces on the
reflected radiation would involve taking into account the
reflection produced by all the triangles surrounding a trian-
Please cite this article in press as: Montero, G. et al., Solar radiatio
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gle, which would lead to a high computational cost. More-
over, the contribution of the reflected component in the
global radiation is generally less significant than other
components.

4.2. Solar radiation under real-sky

The radiation for real-sky is obtained from the clear-sky
radiation by applying a parameterization factor related to
the cloud cover. Thus, the values of global radiation on a
horizontal surface for real-sky conditions Gh are calculated
as a correction of those of clear-sky Ghc with the clear-sky
index kc,

Gh ¼ Ghckc ð36Þ
The index kc represents the atmospheric transmission ex-
pressed as a ratio between the global radiation under real-
and clear-sky conditions. If some measures of global radi-
ation Ghs are available at different measurement stations,
the value of the clear-sky index at each of these points
may be computed as

kc ¼ Ghs=Ghc ð37Þ
Then kc may be interpolated in the entire zone that is being
studied. A simple formula that has also been used in other
environmental problems defined on complex orography
(see e.g., Montero et al. (1998)) is applied,

kc ¼ e

PN
n¼1

kcn

d2
nPN

n¼1
1

d2
n

þ ð1� eÞ
PN

n¼1
kcn
jDhnjPN

n¼1
1
jDhnj

ð38Þ

where kc corresponds to the clear-sky index at each point of
the mesh, kcn is the clear-sky index obtained at the measure-
ment stations, N is the number of stations used in the inter-
polation, dn is the horizontal distance and jDhnj is the
difference in height between station n and the studied point,
respectively, and e is a parameter between 0 and 1. In prob-
lems with regular orography or in two-dimensional analy-
ses, we choose high values of e. However, for complex
terrains, lower values of e are a better choice. Thus, since
in practice the studied regions often present both regular
and irregular zones, an intermediate value of e is more suit-
able. We have to include the case where the studied point
coincides with a measurement station. In such cases, Eq.
(38) is not continuous. The continuity is ensured if we as-
sume the measured value at these points. Other versions
of these classic weighting functions have been studied in
the solar radiation problem in S�en and S�ahin (2001). To
calculate the value of Bh and Dh under real sky, a similar
procedure may be applied from experimental measures.
5. Numerical experiments

The studied case corresponds to the island of Gran
Canaria, which is one of the Canary Islands in the Atlantic
Ocean at 28.06� latitude and �15.25� longitude. The UTM
coordinates (metres) that define the corners of the consid-
n and shadow modelling with adaptive triangular meshes, Sol.



Fig. 6. Elevation map of Gran Canaria Island.
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ered rectangular domain including the island are (417025,
3061825) and (466475, 3117475), respectively.

In order to calculate the reflected radiation, variable
albedo in the region has been considered. Fig. 5 shows
the albedo map of Gran Canaria. Albedo map was derived
from a given map of different types of land use in Gran
Canaria Island available in Infrastructure of Spatial Data
of Spain, Consejo Superior Geográfico. In such maps, 85
types of land use in Spain are currently recorded. However,
there are fewer types of land use (about 11) on Gran Cana-
ria. From this map, we associate the types of land use to
albedo values, based on the standard albedo tables found
in the literature. In this simulation, the albedo of the zone
varies from 0.05 (Macaronesic laurisilva) to 0.6 (Salt mine).

In general, the Canary Islands are characterized by com-
plex terrains with high peaks in relative short surfaces. The
topography of Gran Canaria is represented in Fig. 6, with a
maximum height approximately of 1940 m. First, we con-
struct a mesh of triangles that is adapted to the geograph-
ical characteristics of the terrain by using a refinement/
derefinement procedure. In this solar radiation simulation,
such refinement/derefinement procedure takes into account
elevation and albedo maps, simultaneously. In this respect,
the greater the number of variations of topography and
albedo that are produced, the greater the required concen-
tration of points will be. For this purpose, height and
albedo must be known at each point of the mesh and, thus,
they have to be interpolated from elevation and albedo
mappings, respectively. This allows us to work with trian-
gles from a few kilometres (e.g., on the sea) to a few metres
(e.g., on the steep slopes) of edge length. We used eh ¼ 130
and ea ¼ 0:08, so that a mesh with 5866 nodes and 11683
triangles was built. This mesh is represented in Fig. 7.

The selected episode comprises the period from Septem-
ber 1st 2006, until May 31st 2007, for which each month is
independently analysed. In particular, we present the
Fig. 5. Albedo map of Gran Canaria Island.

Fig. 7. Triangular mesh adapted to topography and albedo.
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graphical results for December as example. Beam, diffuse
and reflected radiations are estimated each hour with the
equations presented in Section 4. However, a step prior
to the computation of the beam radiation is to calculate
the shadow distribution on the mesh. This means that also
the shadow detection procedure must also be run every
hour from sunrise to sunset.

One additional datum required to calculate the diffuse
radiation is the Linke turbidity factor. For example, it
can be obtained online from the SoDa Service (2004–
2007) for each month. On Gran Canaria it is 3.3, 3.2,
2.9, 2.7, 2.4, 2.4, 2.8, 3.0, 3.3 from September to May,
respectively. Here, the use of hourly T LK values would have
n and shadow modelling with adaptive triangular meshes, Sol.



Table 1
Geolocation of different sites on Gran Canaria Island. Beside latitude,
longitude and height (m) of each station place, the corresponding
description of village is provided.

Island Site Latitude Longitude Height

Pozo Izquierdo C0 27.8175 N 15.4244 W 47
Las Palmas de G. C. C1 28.1108 N 15.4169 W 17
La Aldea de San Nicolás C2 27.9901 N 15.7907 W 197
San Fernando de M. C4 27.7716 N 15.5841 W 265
Santa Brı́gida C5 28.0337 N 15.4991 W 525
Mogán (village) C6 27.8839 N 15.7216 W 300
Sardina de Gáldar C7 28.1681 N 15.6865 W 40
Airport AP 27.9325 N 15.3897 W 26
Maspalomas MP 27.7500 N 15.5667 W 25
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been more appropriate. However, the available data led us
to simplify this aspect in the experiments. This problem has
been pointed out by other authors. For example, Šúri and
Hofierka (2004) applied their model with monthly data and
they remarked that the calculus of T LK values is critical.
Some other authors have researched on the computation
of the T LK parameter at any given site and at the appropri-
ate time interval from experimental data of solar radiation
in different ways (Cucumo et al., 2000; Diabaté et al., 2003;
Zakey et al., 2004).
Table 2
Average and maximum beam, diffuse, reflected clear-sky radiations in Decemb
them are represented in MJ=m2 per day.

Day Clear-sky

Beam rad. Diffuse rad. Re

Aver. Max. Aver. Max. Av

1 12.44 23.48 2.52 3.77 0.0
2 12.37 23.44 2.52 3.77 0.0
3 12.31 23.41 2.51 3.77 0.0
4 12.25 23.38 2.51 3.78 0.0
5 12.19 23.35 2.50 3.78 0.0
6 12.14 23.33 2.50 3.78 0.0
7 12.09 23.30 2.50 3.78 0.0
8 12.04 23.28 2.49 3.78 0.0
9 12.00 23.25 2.48 3.78 0.0

10 11.96 23.23 2.48 3.78 0.0
11 11.92 23.21 2.48 3.78 0.0
12 11.89 23.19 2.48 3.78 0.0
13 11.86 23.18 2.47 3.78 0.0
14 11.83 23.16 2.47 3.78 0.0
15 11.80 23.15 2.47 3.78 0.0
16 11.78 23.14 2.47 3.79 0.0
17 11.77 23.13 2.47 3.79 0.0
18 11.75 23.13 2.47 3.79 0.0
19 11.74 23.13 2.46 3.79 0.0
20 11.74 23.12 2.46 3.79 0.0
21 11.73 23.12 2.46 3.79 0.0
22 11.73 23.13 2.46 3.79 0.0
23 11.74 23.13 2.46 3.79 0.0
24 11.75 23.14 2.47 3.79 0.0
25 11.76 23.14 2.47 3.79 0.0
26 11.77 23.15 2.47 3.79 0.0
27 11.79 23.17 2.47 3.79 0.0
28 11.81 23.18 2.47 3.79 0.0
29 11.84 23.20 2.47 3.79 0.0
30 11.86 23.22 2.48 3.79 0.0
31 11.90 23.24 2.48 3.79 0.0

Please cite this article in press as: Montero, G. et al., Solar radiatio
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Then, for each day, the clear-sky global radiation is
computed hourly as the sum of the three components.
We have used Simpson formula to integrate these data
numerically in order to obtain the daily radiations.
Although the time step used was 1 h, it can be reduced or
increased, depending on the computational requirements.

We consider nine measurement stations that were avail-
able in the Island throughout the studied episode. Table 1
includes their locations. The radiation data of the first
seven stations (C0, C1, C2, C4, C5, C6 and C7) have been
provided by the Canary Islands Technological Institute
(ITC) for October, November and December 2006 (Kuhle-
mann et al., 2005). The information of the last two stations,
one in the region of the Airport (AP) and another in Mas-
palomas (MP) (see Fig. 6), was obtained from the Spanish
National Meteorological Institute (INM) for the whole epi-
sode. We should add that station C3 referenced in Kuhle-
mann et al. (2005) is very close to C4 and MP and so it
has not been included in this study.

The daily data of these stations have been used to obtain
the corresponding real-sky global radiation from clear-sky
results with e ¼ 0:5; see Section 4.2. Here, Kc was calcu-
lated as the daily mean value, since the available observa-
er 2006. Also clear-sky and real-sky global radiations are included. All of

Real-sky

flected rad. Global rad. Global rad.

er. Max. Aver. Max. Aver. Max.

6 0.73 15.02 27.46 12.27 22.51
6 0.73 14.95 27.43 11.56 21.10
6 0.72 14.88 27.40 10.30 19.56
6 0.72 14.82 27.37 10.91 20.16
6 0.72 14.75 27.34 12.32 22.74
6 0.72 14.70 27.31 9.13 18.89
6 0.70 14.64 27.28 12.13 22.57
6 0.69 14.59 27.26 9.91 19.34
6 0.69 14.54 27.24 8.39 15.86
6 0.69 14.50 27.22 9.49 17.66
6 0.69 14.46 27.20 7.88 15.09
6 0.69 14.42 27.18 9.20 17.21
6 0.69 14.39 27.16 9.55 18.58
6 0.68 14.36 27.15 8.97 17.41
6 0.68 14.33 27.14 11.45 21.88
6 0.68 14.31 27.13 11.64 22.18
6 0.68 14.29 27.12 9.97 19.02
6 0.68 14.28 27.11 4.52 8.62
6 0.68 14.27 27.11 10.72 20.43
6 0.68 14.26 27.11 10.55 20.12
6 0.68 14.26 27.11 8.39 16.15
6 0.68 14.26 27.11 8.91 17.12
6 0.68 14.26 27.12 5.85 14.12
6 0.68 14.27 27.12 11.82 22.36
6 0.68 14.28 27.13 10.17 19.41
6 0.68 14.30 27.14 11.65 22.38
6 0.68 14.32 27.16 12.09 23.04
6 0.68 14.34 27.17 9.27 17.53
6 0.69 14.37 27.19 11.77 22.24
6 0.69 14.40 27.21 11.96 22.56
6 0.69 14.44 27.23 11.98 22.55

n and shadow modelling with adaptive triangular meshes, Sol.



Fig. 9. Diffuse radiation map ðJ=m2Þ relative to December 2006.
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tional data were also daily mean values. Table 2 contains
the daily average and maximum radiation components in
December 2006. The average values have been calculated
from the results obtained in the whole region. There we
observe that beam, diffuse and reflected radiation values
are about 82–83%, 16–17% and 0–0.4% of the mean global
radiation obtained by the model under clear-sky, respec-
tively. Also note that clear-sky radiation is corrected with
the observational data. This fact was much more apprecia-
ble in that month (winter), where the correction on some
overcast days reduced the clear-sky results from 20% to
approximately 70%.

The maximum values of global radiation for clear-sky
and real-sky, respectively, do not have to be relative to
the same location. The effect of the interpolation will pro-
duce a smoothing of results where we have not measure-
ment stations. In particular, this is what happens in the
case of points of maximum value of radiation. However,
this does not imply that we cannot have a clear sky in other
zones of the Island. For example, the clear-sky index distri-
butions for days 18 and 27 of December correspond to an
overcast day (Kc between 0.24 and 0.37) and clear-sky day
(Kc between 0.4 and 1), respectively.

Thus, the description and implementation of the extent
of cloud cover in an episode will be essential to apply this
model in predictive simulations. In other month (e.g.,
April), such correction is much less considerable (about
1% on cloudless days and reaching a 30% on overcast
days).

Finally, these daily data were added up to yield the
monthly maps of the different radiation components and
both clear-sky and real-sky global radiations (see Figs. 8–
12) of December 2006. The information of stations C1
and C5 results in a considerable correction of the global
solar radiation in the North-East of the island. It is well
Fig. 8. Beam radiation map ðJ=m2Þ relative to December 2006.
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known that this local phenomenon often occurs in that
zone. The impact of the terrain on the radiation field
should, in the Northern hemisphere (above the Tropic)
result in a decrease in radiation sums on the north facing
slopes and an increase in the south facing slopes. However,
we have to take the form of the mountains into account. In
effect, if we observe the elevation map of Gran Canaria
Island, we can see that the contour line at the top of the
island has the same angle as the solar maps and the north
facing slopes are behind this inclined line.

A similar procedure has been used to obtain the radia-
tion maps of the other months. Table 3 includes the
monthly average and maximum radiation components.
Fig. 10. Reflected radiation map ðJ=m2Þ relative to December 2006.

n and shadow modelling with adaptive triangular meshes, Sol.



Fig. 12. Real-sky global radiation map ðJ=m2Þ relative to December 2006.Fig. 11. Clear-sky global radiation map ðJ=m2Þ relative to December
2006.
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The average real-sky global radiation, considering the
273 days with observational data, is 16:89 MJ=m2 per
day. This result coincides with that of most of the refer-
ences including radiation data for the Canary Islands (Cen-
solar, 2007; AEMET, 2008; ASDC, 2008; Huld and Suri,
2001–2007; Betcke et al., 2006).

In order to study the effect of shadowing in the solar radi-
ation calculation, we applied the model without shadow
information to the episode of December 2006. It evidently
resulted in an overestimation of all the components of the
solar radiation. By way of example, Fig. 13 illustrates the
global clear-sky radiation obtained. A summary of average
and maximum values of each radiation component can be
seen in the first row of Table 4. An overestimation about
7% in clear-sky beam radiation is obtained in relation to
the results of the fine mesh represented in Fig. 16.

We also applied the model to the same case using other
meshes, more specifically, one coarse mesh, one fine mesh
Table 3
Monthly average and maximum beam, diffuse, reflected clear-sky radiations. A
represented in MJ=m2.

Month Clear-sky

Beam rad. Diffuse rad.

Aver. Max. Aver. Max.

September 2006 597.32 726.97 117.21 129.14
October 2006 500.22 705.89 104.74 127.98
November 2006 402.81 700.54 85.28 120.03
December 2006 369.54 719.85 76.85 117.30
January 2007 423.19 776.62 69.62 104.26
February 2007 478.73 732.72 68.44 91.35
March 2007 623.56 795.44 98.48 113.72
April 2007 684.81 786.35 110.76 118.78
May 2007 732.71 823.18 130.52 137.10
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and finally one regular mesh of about the same number
of nodes as the initial mesh in Fig. 7. For the coarse mesh,
we used eh ¼ 240 and ea ¼ 0:10, obtaining a mesh with
2164 nodes and 4247 triangles. This mesh is represented
in Fig. 14. The regular mesh (see Fig. 15) was built without
considering any refinement/derefinament parameter,
obtaining a mesh with 5913 nodes and 11,520 triangles.
Finally, the fine mesh in Fig. 16, containing 9276 nodes
and 18,462 triangles, was constructed with eh ¼ 100 and
ea ¼ 0:07.

The results of clear-sky global radiation are shown in
Figs. 17–19, respectively. Similar conclusions to those of
Cebecauer et al. (2007) are drawn, since resolutions for
eh > 200 m (coarse mesh) may produce local overestima-
tion of solar radiation. The regular mesh (with a resolution
of 677 m approximately) also produced an overestimation
of the radiation (Cebecauer et al., 2007 conclude an overes-
timation of solar radiation for resolutions greater than
500 m). The correction (decreasing) of the radiation in finer
lso clear-sky and real-sky global radiations are included. All of them are

Real-sky

Reflected rad. Global rad. Global rad.

Aver. Max. Aver. Max. Aver. Max.

3.08 34.01 717.61 861.41 592.93 711.97
2.59 29.17 607.56 845.09 485.87 676.95
2.04 23.73 490.13 827.37 318.38 535.22
1.83 21.37 448.22 843.41 314.70 586.25
2.04 23.79 494.85 887.76 374.45 677.80
2.30 26.23 549.47 831.64 467.95 709.14
3.09 34.35 725.13 915.68 612.34 775.65
3.46 37.58 799.03 905.13 703.66 791.67
3.77 41.79 867.01 957.64 740.27 817.83
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Fig. 13. Clear-sky global radiation map ðJ=m2Þ relative to December 2006
without shadow detection.
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meshes is stabilized with the local refinement. For example,
the overestimation of beam radiation for the regular,
coarse and intermediate meshes with respect to the finer
mesh are 7.4%, 5.5% and 1,9%, respectively; see Table 4.
We note that even the coarse mesh provides better results
than the regular one if we consider average values. How-
ever, the number of nodes of the former is almost one third
that of the latter.

Other authors such as McKenney et al. (1999) have
studied the differences in the solar radiation estimates with
a spatially distributed solar radiation model (SRAD), using
different DEM (Digital Elevation Model) resolutions. Once
again the main advantage of our approach is the possibility
of using adaptive meshes, thus obtaining better results at a
lower computational cost.
6. Conclusions

A 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.
Then, defining the limits of the episode to be simulated,
Table 4
Average and maximum beam, diffuse, reflected clear-sky radiations in Decemb
and real-sky global radiations are included. All of them are represented in M

Strategy Clear-sky

Beam rad. Diffuse rad.

Aver. Max. Aver. Max.

No shadow detection 387.90 754.32 76.79 120.36
Regular mesh 389.47 658.99 78.28 108.27
Coarse mesh 382.47 680.57 77.41 108.84
Intermediate mesh 369.54 719.85 76.85 117.30
Fine mesh 362.65 725.40 76.56 115.10
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the solar radiation on a surface is estimated taking into
account the shadow distribution in each time step. For this
purpose, the adaptivity of the triangulation related to the
topography and albedo is essential in order to obtain accu-
rate results of shadow distribution and also of solar radia-
tion. Adaptive meshes lead to a minimum computational
cost, since the number of triangles to be used is optimum.

The accuracy of the model results depends on the num-
ber of points for which we have realistic data. In effect, the
quality of the real-sky component of the model is directly
related to the observational information. One aspect to
be improved in future works is the interpolation procedure
used for processing such data. The proposed interpolation
method is suitable, when a considerable number of stations
are available and they are well distributed in the zone under
study since this tends to smooth out extremes. Moreover,
in such cases, one can think about using more sophisticated
techniques, such as spline functions for interpolating the
clear-sky index on the surface (see e.g., Xia et al. (2000))
or moving least-square approximation as used in meshless
methods (Belytschko et al., 1996). Another possibility is to
add meteorological information (for example, from MM5,
WRF, HIRLAM) to draw the map of clear-sky index.

Some unknown parameters of the model, whose values
are not clear a priori, may be estimated using genetic algo-
rithms to minimize the error between the measures and the
results of the model in the observational points. This is the
case of parameter epsilon in Eq. (38). A similar problem
was solved in a wind model with the same interpolation
formulae in Montero et al. (2005).

To include rectangular collectors in the model is not dif-
ficult, if we consider each collector as composed by two tri-
angles in the same plane. The steps to be followed with
these triangles are the same as those developed for the rest
of triangles of the mesh. Therefore, the problem would be
reduced to the analysis of the solar radiation on such trian-
gles for a given inclination angle of the southwards-ori-
ented collectors. In this case, even shadows induced by
the collectors can be considered. Moreover, we think that
this model could be used to calculate the optimal orienta-
tion and inclination of solar collectors for each location.

Further research is needed in the optimal selection of the
warning points for detecting the shadows. On the other
hand, the boundary of the shadows may be accurately
determined using the refinement/derefinement procedure
er 2006 after different strategies of shadowing and meshing. Also clear-sky
J=m2.

Real-sky

Reflected rad. Global rad. Global rad.

Aver. Max. Aver. Max. Aver. Max.

2.01 24.01 466.71 891.51 322.71 614.04
0.61 12.75 468.36 771.91 329.99 551.25
0.87 17.62 460.75 797.75 320.62 536.08
1.83 21.37 448.22 843.41 314.70 586.25
2.29 26.09 441.50 849.78 312.82 601.23
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Fig. 15. Regular triangular mesh adapted to topography and albedo.

Fig. 17. Clear-sky global radiation map ðJ=m2Þ relative to December 2006
with a coarser mesh.

Fig. 14. Coarser triangular mesh adapted to topography and albedo. Fig. 16. Finer triangular mesh adapted to topography and albedo.
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and mesh adaption by moving nodes to such contour line.
A possible solution is to refine those triangles where
0 < Lf < 1. The first idea is to connect the number of warn-
ing points with the size of the triangle (which is equivalent
to a consecutive refining by using 4-T Rivara’s algorithm)
by placing the warning points in the geometrical centre of
the respective resulting triangles, as it was indicated in Sec-
tion 3. If we use a different adaptive mesh in each time step,
a simple strategy can be to start from the mesh of the pre-
Please cite this article in press as: Montero, G. et al., Solar radiatio
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vious time step and to apply the refinement/derefinement
algorithm considering the new solar position. Finally, we
should use a reference regular mesh in order to calculate
the mean daily radiation values.

Also, any standard error indicator may be defined for
each triangle in order to refine/derefine the mesh attending
to the daily numerical solution of the real-sky global radi-
ation. The change of the sky dome fraction due to the pres-
ence of terrain sky line should be considered as well.
Finally, since the evaluation of all the radiation compo-
nents in any triangle is independent from each other, their
n and shadow modelling with adaptive triangular meshes, Sol.



Fig. 18. Clear-sky global radiation map ðJ=m2Þ relative to December 2006
with a regular mesh.

Fig. 19. Clear-sky global radiation map ðJ=m2Þ relative to December 2006
with a finer mesh.
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calculation may be fully parallelized, which would reduce
the computational cost considerably.
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modelovanie pomocou komplexného digitálneho modelu georeliéfu.
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