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Abstract

This paper presents a fast algorithm to compute the global clear-sky irradiation, appropriate for extended high-resolution Digital Elevation
Models (DEMs). The latest equations published in the European Solar Radiation Atlas (ESRA) have been used as a starting point for the proposed
model and solved using a numerical method. A new calculation reordering has been performed to (1) substantially diminish the computational
requirements, and (2) to reduce dependence on both, the DEM size and the simulated period, i.e., the period during which the irradiation is
calculated. All relevant parameters related to shadowing, atmospheric, and climatological factors have been considered. The computational results
demonstrate that the obtained implementation is faster by many orders of magnitude than all existing advanced irradiation models while main-
taining accuracy. Although this paper focuses on the clear-sky irradiation, the developed software also computes the global irradiation applying

a filter that considers the clear-sky index.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Knowledge of the amount of incoming solar irradiation
at different geographic locations is of paramount importance
in diverse fields such as solar energy utilization, building de-
sign, agriculture, remote sensing, environmental assessment
and ecology.

The development of irradiation models has progressed sig-
nificantly in the last two decades [1]. Solar Analyst [2], devel-
oped under ArcView GIS, calculates the hemispherical view-
shed for each cell of the DEM; it then generates sun-maps and
sky-maps to rapidly calculate direct and diffuse radiation. This
model is appropriate enough for the study of solar irradiation
in small DEMs (i.e., of the order of thousands of points) and for
small periods but it is rather limited for larger areas. SRAD [3],
also developed under ArcView GIS, is based on a simplified
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representation of the underlined physics, able to characterize
the spatial variability of the landscape processes; however, its
application over large terrains is also limited. The r.sun model
[4] implemented under GRASS GIS 6.2.2 environment [5], is
based on the European Solar Radiation Atlas (ESRA) equations
[6,10], solved numerically. Despite of the fact that this software
is the fastest of all the existing models, it is only applicable
for medium-scale areas because of its very high computational
cost; at least five times more expensive when terrain shadowing
(also called horizon) computation is included. Moreover, the
irradiation computation per se is costly and becomes more ex-
pensive or even unapproachable as the DEM size and resolution
increase and/or the simulated period is longer, since the irradi-
ation is re-calculated for each DEM cell and each time-step.
The aim of this work is to introduce an alternative integra-
tion method together with a domain discretization to calculate
the irradiation for a reduced number of points and then to reuse
these calculations for points that have identical characteristics.
A large part of the calculation can be substantially reduced by
searching for equivalences until reducing it the smallest mini-
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Fig. 1. Geometrical formulation of the solar incidence angle §.

mum possible. In particular, this paper presents a fast algorithm
that reduces the dependence of calculation on both terrain size
and simulated period. This model is appropriate for the esti-
mation of clear-sky irradiation on very large terrains, i.e., high
resolution DEMs of the order of millions of cells. Parallel com-
puting has also been introduced into the code to benefit from
current computational systems such as those based on multi-
core (e.g., duo-core) processors and shared memory computers.

This paper is organized as follows: the mathematical expres-
sions that represent the physics of the phenomenon along with
a detailed study of dependencies are provided in Section 2. In
addition to a description of the main stages of the numerical in-
tegration, a comparison between our model and ESRA model is
given in Section 3. Both a computational analysis and a compar-
ative study in terms of numerical and runtimes results between
r.sun and the proposed model have been carried out in Section 4.
Finally, conclusions are given in Section 5.

2. Mathematical formulation

The calculation of the instantaneous, global, solar irradiance
(W m~2) under a clear-sky on a given terrain depends on the sun
position (its altitude, kg, and azimuth, Ag), the atmospheric at-
tenuation, represented by the Linke turbidity factor, 77 ¢, and
the characteristics of the considered point of the DEM or sur-
face, i.e., its inclination angle (also called slope), yn, azimuth
(also called aspect), Ay (i.e., the angle between the projection
of the normal on the horizontal surface and the north), elevation,
z, and self- and terrain shadowing effect. The global irradiance,
Gic, under clear-sky (i.e., cloudless atmosphere) on an inclined
plane can be expressed as the sum of its beam, B;, diffuse, D;.,
and reflected, R;., components:

GiczBic+Dic+Ric- (1)
The beam irradiance is calculated as:

Bic =1p - & - Ldirect, (2)
where

Ldirect = Kp - cos(8).

€ is a correction factor that allows for a varying solar distance.
Kp, is the proportion between irradiance and extraterrestrial

solar irradiance on a horizontal surface, and depends on Ay,
the Linke turbidity factor Tp x¢ and the height of the considered
surface z; § is the solar incidence angle measured between the
sun and the inclined surface; as illustrated in Fig. 1, cos(8) can
be formulated as:

cos(8) = cos(yy) - sin(hg)
+ sin(yn) - cos(ho) - cos(ALN). (3)

The diffuse irradiance is calculated as:

Dic=1o- ¢ - F1 - Liiffuse, 4

where

Fi1 =T,(Trk) - Fu(ho).

T, is a diffuse transmission function that depends only on 77 g
and Fy is the diffuse solar altitude function which depends only
on the solar altitude A [6].

The model adopted by ESRA for clear-sky diffuse irradi-
ance on an inclined surface, initially proposed by Muneer [7],
distinguishes between sunlit and shadowed surfaces. For sun-
lit surfaces, i.e., hg = hor, where hor is the horizon angle in
degree, the irradiance is calculated using two terms: the first
depends on both the sun position and the surface inclination an-
gle, and the second depends only on the sun elevation in the
sky. Therefore, the diffuse irradiance, Lsifruse, can be reordered
as the sum of three components: radiation in shadow, /;, sun
elevation-dependent radiation, /;;, and sun position-dependent
radiation, I;; (i.e., circumsolar radiation). The three terms can
be written as follows:

I; = F(yn)
Li=(1—-Kp) - F(yn)

_ cos(§)
I { Ly = Ky - sin(ho)
n —

" _ . sin(yn)-cos(Apn)
Ly = Kp 0.1—0.008%

if 0 < hg < hor,

if hg = hor

if hg > 5.7° and hgy = hor,
if hor < hg <5.7°,

where

F(yn) =r(yn)
+ (sin(yn) — yw - cos(yn) — 7 - sin*(yn /2)) - N,

1 4 cos(yn)
r(yn) = —
0.00263 — 0.712 - K, — 0.6883 - Kg
N = for sunlit surfaces (hg > hor),
0.25227 surfaces in shadow (hg < hor),

Ay =Aog— Apn.

As shown above, the formulation of F(yy) varies if the sun is
above or below the horizon and the component [;; is different
during sunset and sunrise. Introducing the following boolean
coefficients Agpag (1 if the sun is below the horizon kg > hor, 0
otherwise) and X;y,; (1 if the sun elevation is smaller than 5.7°,
0 otherwise), G;. can be rewritten as follows:
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Fi-(1— Xy
Gic:]O's'|:(1_)¥shad)'Kb'COS(5)'{1+M}

sin(hg)
+F L+ L+ I,-/,'/,-}] ~+ Ric, 5)
where

I; = Ashad * Ii = Ashad - F (YN Ashad)
Lii = (1 — Ashad) * Lii = (1 — Ashad) - (1 — Kp) - F (YN, Ashad)-
Ly = (1 = Ashad)  Awi - I
sin(yy) - coS(ALN)
0.1 —0.008A

Note that both direct irradiance and circumsolar fraction of the
diffuse irradiance depends on §.

The ground reflected clear-sky irradiance received on an
inclined surface, R, is proportional to the global horizontal ir-
radiance, Gy, the mean ground albedo, p,, and the fraction of
the ground viewed by the inclined surface, r, (yy) [8]:

Re=pg - Gpe -rg(yn). (6)

Notice that the global irradiance on horizontal planes, G, can
be calculated from Eq. (5) by replacing the inclination angle of
the surface yy by 0. Therefore, a natural way of calculation is
to first calculate the quantity:

= (I — Ashad) * Arwi - Kp -

Bic + Dic
Fi1-(1 — Xpi
=1Ip-e- | (1 — Ashad) - c0Os(8) - {1 + M
sin(hg)
+ Fp - {l; +Iii+1,'/j/,'}i| N

then the reflected irradiance, R;., can be calculated using
Ghe = Bpe + Dpe (yn = 0) and finally the global clear-sky
irradiance on inclined planes, G, can be straightforwardly ob-
tained.

3. Numerical integration

The global clear-sky irradiation (W hm™2) in a given time-
interval is calculated by the integration of the instantaneous
irradiance (Wm™2) in time [6,9,10]. This integration can be
performed analytically or numerically. ESRA [6] offers two ro-
bust models based on two different formulations of the problem.
The first model is only employed for computing the irradiance,
while the second computes the irradiation by analytically inte-
grating an alternative empirical formulation of the irradiance.
Rigollier [10] has shown that both methods give similar results
of irradiance, but the second is best suited for the irradiation
because the analytical integration provides better accuracy un-
der irregular shadowing conditions. However, in this work, we
have used a new integration method of the first equations to
compute irradiation. In particular, we have employed a nu-
merical method that: (1) optimizes the calculation using a new
ordering in time and space; and (2) allows a very accurate ir-
radiance calculation and numerical integration of irradiation,
even under irregular shadowing, by employing very small time-
steps. The sun takes four minutes to travel a distance of one

degree. Therefore, four minutes is the minimum value of time-
step necessary to provide a very accurate calculation. However,
in this work we have used a smaller time-step, of one minute,
to provide even more accurate results, especially for the calcu-
lation of sunrise and sunset times if precise horizon data are
available.

In other words, we have computed the irradiation as a sum of
the discrete values of irradiance at each single time-step in the
time-interval [tini, fend], Where fin; and zenq are respectively the
start and end time of the simulation period, thus, the integration
of Eq. (7) in time can be expressed as follows:

Bic+Dic
fend
Fr-(1 = Xwi)
. 1—x ) §) . [ 1 2L T M)
0 IZ{( shad) - €08 (8) ( + ) )
+F1-1i-I-F1-1ii+F1-I,-’l-’,-}-8~At. (8

The main stages of the employed numerical method are de-
scribed in detail in the next subsections.

3.1. Sky discretization

The first simplification consists of constructing a sky-map of
hemispherical shape that covers the considered surface. Since
0 < ho<90° and 0 < Ag < 360°, we have discretized this map
into Ny = N, x Na, windows along the angular coordinates,
altitude and azimuth. The discretization error should be small
enough to be negligible compared to the atmospheric variabil-
ity which is the dominant error in any solar irradiation model.
Expression (8) can be evaluated by grouping its terms in each
window each time the sun is in that position of the sky. For a
discretization of Ny = 90 x 360 windows, with 1 x 1 degree
angle-step, Bi. + D;. can be rewritten as:

360° 90°  Meng |:k:nh,A0

Bic +Dijc=1p- At - Z Z Z Z {Id'cos(S)

Ao=0 ho=0 m=mini k=1
i+ Fl'(.l_)\twi)
sin(hg)
+F1'1i+F1'1ii+F1'1,'/,</,-}:|'8, 9

where ny,_ 4, is the number of times the sun has passed through
the window of angular coordinates (&, Ag) in the time-interval
[fini, fend], With 0 < h < 90°5 Apyi = f(ho), F1 = f(ho, m, 2),
Ky = f(ho,m,z) and np 4, = f(ho, Ao, m); m is the month
number (with 0 < m < 12), being mj,; and mepg the first and
last months of the simulation, respectively. Although expres-
sion (9) should be computed for all points of the terrain, the
proposed sky-map allows us to reuse calculations for surfaces
with the same orientation and height. We have grouped the five
terms of Eq. (9) by months, since the extracted climatological
parameters from SoDa database, such as the Linke turbidity
factor, Ty g, are only available in monthly averages, and their
interpolation is also obtained in monthly values. To ease calcu-
lation even more, we have re-classified the five terms into five
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components although this classification does not correspond to
the traditionally physical one. Therefore, our model can only
use monthly averages of the Linke turbidity factor. However,
this fact does not affect the simulation period that could be
on the order of minutes, days, weeks, months, or years. Nev-
ertheless, in the future, if new daily or hourly averages of the
climatological parameters are available, they can be easily in-
cluded in our model. Replacing cos(§) by Eq. (3) in Eq. (9) we
obtain:

Bic + Djc =1y - At

360°
Y {0 = Ashad) - (T3 + ) + Ts + Ty + T},
Ap=0
(10)
where
90° Me
Ti=cos(yn)- D Y sinho)- Ko
ho=hor m=m;
N, Ag
Fl : (] - )Vtwi)
B I P L L I ,
( T intho) DL
k=1
90° me
To = cos(ALy) -sin(yn) - ) ) cos(ho) - Kp
ho=hor m=m;
N, Ag
Fr - (1 = A
'1+1(, th).zg’
sin(hg)
k=1
hor Th,Aq
T3=F(yn.1)- ZFd(h()) Z T, (m) - Zs
m=m;
90° Mend nh,Ag
Ti= ) - ) Fon.0)-Fi-(1—ky)- Zs
ho=hor m=min;
5.7 me nh,Agy

- Kp
Ts =sin(yn) - cos(ALnN) - Z Z m' &

ho=hor m=m; k=1

The terms, Ty, T», T3, T4 and T5 have been calculated in three
preprocessing stages as described in the next three subsections.

3.2. Stage 1: Sun trajectory calculation

First in this stage, the sun trajectory has been calcu-

lated without using any terrain data. Then, the matrix, n =

k:nh VA,
n(ho, Ag,m) =, _, """ e, has been computed, where each

of its elements stores the extraterrestrial energy received from
the corresponding window of the sky, classified by month in the
simulated period. For a simulated period of less than one month
within the same month (e.g., one day), only the data of the cor-
responding month are used. This phase can be completed in
about 0.45 seconds for a simulation time-interval of one year
on a T2400 Intel Centrino duo processor. This is the only stage
that depends on the simulated time-interval. For large territo-
ries, the computed sun trajectory can be shared by zones of
similar latitude.

3.3. Stage 2: Height discretization

Given that the atmosphere parameters depend on the heights
of the terrain, an analysis of the variation of global irradiation
in terms of the height z has been carried out using experimental
measurements available in SODA [12]. This study has proven
that the dependency on the atmosphere parameters is not strong
and changes in the atmosphere are completely negligible a few
hundred meters above or below a given site. Hence, a height-
step of 200 meters has been used in our model since the induced
discretization error is of the same order as the one due to the
1° x 1° sky discretization, as it has been experimentally tested.
In this stage, the following matrices have to be filled:

Mend
. Fi- (1 — Awi)
Mi(z, Ao, ho)= Y n-sin(ho) - Kp - 1 ‘ 7
1(z, Ao, ho) n - sin(hg) - Kp ( sin(ho) )

M=MNlinj

Mend
Fr- (1= Awi)
M>(z, Ao, ho) = . ho) - Kp- {14+ ——-—"—,
2(z, Ao, ho) Zn cos(ho) - Kp ( + St )

M=Minpj
Mend
M3(z, Ao, ho) = Fa(ho) - Y n-Ty(m),
M=mMip;
My(z, Ao, ho.m) =n-F1 - (1 —kp),
Ms(z, Ao, ho) = F1- Ky
S A0 00T =1 5076008 - h

As the data structures, M1, M>, M3, M4 and M5, depend on z,
they can be calculated for all possible values of the discretized
height (e.g., from 0 to 1000 m with a height-step Az =200 m),
which would also make this phase completely independent on
the terrain. However, if the terrain is known at this stage, the
calculation can be restricted to the terrain altitude limits, Zmin
and Zmax.

Once the atmospherical conditions are taken into account,
the resulting matrices (i.e., the five classified terms) store the
energies received from each window of the sky dome. A graph-
ical representation of the term M for a given point of the terrain
is shown in Fig. 2. It should be noticed that this preprocessing
stage can be performed at the same time as the first stage; that
is, the energy terms can be classified while sun positions are
computed. This fact would increase the numerical precision as
sin(ho) and cos(hp) can directly use the computed values for
the sun instead of the discretized values of the sky-map. How-
ever, it has two disadvantages: (1) it produces a loss in spatial
locality of the code, and (2) it increases the fraction of the code
that depends on the simulated period. Nevertheless, the compu-
tation in this phase takes only about 0.05 seconds per z-plane
for a simulation of one year.

3.4. Stage 3: Horizon and slope discretization

At this stage, the horizon height, hor, must be already calcu-
lated using an appropriate algorithm. In this work, we have used
a parallel horizon algorithm, which is an adaptation of Stew-
art’s algorithm [15] for regular grids. The used algorithm not
only computes both the shadowing produced by the cell itself
(i.e., ground shadowing) and the one produced by all the cells
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Fig. 2. The arc shape shows the component M7 of the daily irradiance values tracking the position of the sun (Ag represented in X-axis and hg represented in
Y -axis) throughout the year, at a given point of the terrain. The black shape represents the horizon from the left to the right, in the north, east, south and west.

Fig. 3. Graphical representation of the term N1, computed by integrating in altitude the term M from hor to the zenith and by tracking the position of the sun (Aq
represented in X-axis and & represented in Y-axis) throughout the year, at the same point as in Fig. 2.

that surround it [14], but also partitions the considered DEM in
subgrids (or tiles) of size 1000 x 1000 cells so that each proces-
sor computes the horizon in its local subgrid using a multilevel
halo to eliminate the edge effect associated with Stewart’s al-
gorithm, consider [14] for more details. In this preprocessing
stage, the following structures have been calculated:

90°
Ni(z. Ag.hor)= Y Mi(z. Ao. ho).
ho=hor
90°
Na(z. Ag.hor) = Y Ma(z. Ao. ho).
ho=hor
hor
N3(Ag, hor) = Fy(ho) - Y M3(Ag, ho)m,
ho=0
Na(z, yn, Ao, hor)
90° Mend
= Y F(w.0)- Y Ma(z, Ao.ho.m), Yy,
ho=hor M=ninj
5.7
Ns(z, Ao, hor)= Y Ms(z, Ao, ho).
ho=hor

These arrays have been computed for all possible values of hor,
Ao, yn and z. Therefore, for each kind of irradiation and for
each Ag, N1, N2, N3, N4 and Ns store the sum of all the energy
received from the window (hor, Ag) to the zenith. They actu-
ally store the first results of the spatial discretization of the sky
dome. A graphical representation of term Nj, computed from
the array M of Fig. 2, is shown in Fig. 3.

The execution time of this stage depends only on the preci-
sion of the sky dome windows, the tilt, and the height limits zpyi,
and zmax of the terrain; thus, they should be carefully dimen-

sioned so that Ny, N>, N3, N4 and N5 can be held in most main
memories. Notice that z-dimension depends on the height-step
and -limits while the rest of array dimensions are independent
of terrain dimensions which ensures a computation with limited
memory requirements. For an altitude and azimuth precision
of one degree, typical execution times of this phase take about
4 seconds, and the memory usage is about 12 MB per z-plane.
Due to the (relatively) high computational requirements of this
stage, it should be performed when height limits are known.
Partitioning the DEM of Andalusia, of surface 100000 km?
[13], into tiles of 10 x 10 kmz, if the precision in altitude or
azimuth is reduced to 2 or 4 degrees, both memory usage and
runtime are reduced to the same factor and the final results only
change slightly (typical deviations are around 2 to 7 J/m? in
one year).

3.5. Clear-sky irradiation

Finally, the proposed irradiation algorithm integrates in az-
imuth by introducing the terrain data (i.e., heads and tilts of all
points, and their corresponding horizon heights in all azimuthal
directions) as follows:

For x =0, gridx — 1
Fory=0, gridy — 1
/*Notice that A and y are known at this stage™®/
For Ag =0, 360° — 1°
vall+ = Ny (z, Ag, hor)
val2+ = Ny (z, Ag, hor) - cos(ALN)
val3+ = N3 (Ao, hor)
vald+ = Ny(z, YN, Ag, hor)
valS+ = N5(z, Ag, hor) - cos(ALN)
val6+ = hor/90
End For
Gpe =vall +val3 - F(yy) + val4
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Fig. 4. Monthly global clear-sky irradiation for the year 2006, at the location of Malaga, Andalusia, Spain, calculated by our model (left column) and ESRA model

(right column).

G =cos(yn) - vall +sin(yy) - val2 + val3 - F(yy)
+ val4 +sin(yy) - val5S + pg (x, y) - G - val6/360
End For
End For

For each specific height, horizon-point, and for each azimuthal
sector, the algorithm calculates the irradiation as a sum of the
corresponding terms from the arrays Ny, N>, N3, N4, and Ns.
Graphically, it consists of a sweeping of the energy-map repre-
sented in Fig. 3 by adding the terms that intersect the horizon
curve. Notice that there is a different map for each class of en-
ergy (or term) and each z-level.

A comparison between the monthly global clear-sky irradia-
tion calculated by our model and the values obtained by ESRA
model [6] in the heterogeneous terrain of Malaga, as illustrated
in Fig. 4, shows that they are actually very similar. The used
monthly mean values of the Linke turbidity factor, 7y g, have
been obtained from SODA database [12].

For a 1000 x 1000 points grid of resolution 10 x 10 m?,
an angular precision of one degree (i.e., sun elevation, sun az-
imuth, terrain aspect, and terrain slope precision equaling one
degree) and five height-steps of 100 meters, typical execution
time of this stage takes about 10 seconds. When the precision
of the azimuth is reduced to 2 or 4 degrees, both memory us-
age and runtime are reduced to the same factor producing only
slight changes in the results.

3.6. Real-sky irradiation

The proposed algorithm can be easily extended to compute
the global irradiation under overcast conditions on horizontal
and inclined surfaces. On horizontal surfaces, the global irradi-
ation under real-sky conditions, Gy, is obtained by multiplying
the global irradiation under clear-sky, Gy, by the filtering fac-
tor, called the clear-sky index k. [11,16,18]:

Gp=ke- Ghe. (1)

The index k. mainly represents the attenuation due to clouds
and depends on the geographical coordinates of the considered
horizontal plane [16-18]. For a set of meteorological stations,

the index k. can be calculated as the ratio between the measured
global irradiation, G, and the theoretical values of the global
clear-sky irradiation, G, [4]:

ke = Ghs/Ghe- (12)

For inclined surfaces, the clear-sky index, k., is computed
separately for direct and diffuse components [4]:

kb = By,/ By,
kg = Dy /Djc.

The values of the beam and diffuse components of the clear-
sky index can be calculated using empirical equations [6,19] or
using measured climatological data [4]; afterwards the corre-
sponding raster maps of kf and kf can be calculated by apply-
ing a spatial interpolation [4]. Our model can easily use these
raster maps when available to compute the real-sky global ir-
radiancelirradiation. In particular, k and k¢ are considered in
the terms: Ty, T, T3, T4 and T5 as follows:

90° Me

Ti=cos(yn)- D D sin(ho)- Ky

ho=hor m=m;

np, A
kP (=) <~
B (¢ . ,
(”+ sin(ho) ) 2
90° Me

Ty =cos(ALy) -sin(yw) - ) ) cos(ho) - Ko

ho=hor m=m;

Np A
k4 Fy - (1= Apyi =)
. k?+ c 1.( twt) .Z&
sin(hg)
k=1
hor me Nh,Agy
Ty=F(yn,1)- Y Faho) Y k& Tu(m)- > e,
ho=0 m=m; k=1
90° me nh,Ag

Ty= ) - Y k-Fn,0)-Fi-(1—ky)- Y e,

ho=hor m=m; k=1
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Table 1
Selected cases for performance evaluation
DEM size Irradiation duration Max height Ground shadowing Horizon shadowing
Case A 602 x 412 one year 500 m included -
Case B 602 x 412 one day 500 m included included
Case C 1000 x 1000 one year 200 m included -
Case D 1000 x 1000 one year 2000 m included included
Case E 1000 x 1000 one year 800 m included included
57  me 20
— Qi d P
Ts =sin(yn) - cos(ALn) - D ) ke 18 - O Main loop
ho=hor m=mj 16 [ Stage 3
Ay 14 B Stage 2 I
_—— €. ~12 [ Stage 1 -
BT 0006 2 =k
k=1 é 10 |—
4. Computational and numerical results 8 .
6 N
Several analyses of the computational and numerical re- 4 1 — —
sults are presented in this section. All results correspond to the 2 ]
portable implementation of the proposed model using C++ pro- 0 . . . .
gramming language. Parallel computing based on threads has A B C D E

been introduced into the code to better exploit current systems
such as those based on multi-core processor technology in ad-
dition to shared memory architectures.

4.1. Computational cost independent on time-interval

An evaluation of the impact of: (1) the irradiation duration,
(2) terrain irregularity, and (3) horizon shadowing, on the per-
formance of each stage of the model is presented in Fig. 5. Five
cases, of different degrees of irregularity, and irradiation dura-
tion have been considered as shown in Table 1.

e Case A: one year irradiation on a hilly terrain of size 602 x
412 cells, including ground shadowing only.

e Case B: One day irradiation on the same DEM as case A,
including horizon shadowing.

e Case C: One year irradiation in a plain terrain of size
1000 x 1000 cells, with altitude changes inferior to 200 m,
including ground shadowing only.

e Case D: One year irradiation in a 1000 x 1000 points grid
with a large variation in height (maximum height difference
of about 2000 m) including horizon shadowing.

e Case E: One year irradiation in a hilly terrain of size
1000 x 1000 cells and a maximum height of 800 m, in-
cluding horizon shadowing.

Stage 1 runtime depends only on the irradiation time length
and represents only 3.75% of the total cost. The computa-
tional cost of Stage 2 is similar for a one-day and one-year
time-interval showing a slight increase when the number of the
height-steps increases (see case D); this can be explained by
the increase of the z-dimension of the matrices N; which also
implies further calculation. Stage 3 cost is similar for all con-
sidered cases. In addition to the increase due to the inclusion of
the horizon shadowing, the runtime of the main loop increases
substantially when the number of the height-steps increases.

Fig. 5. Computational times of the stages: 1, 2, 3 and the main loop (described
in Section 3.5) for the cases: A, B, C, D and E described in Table 1.

Summarizing, the computational cost of our model is al-
most independent on the irradiation time-interval; however, it
is especially sensitive to the irregularity of the site and to the
inclusion of horizon shadowing.

The computation of the irradiation on the DEM of Andalu-
sia, of size 52000 x 32000 cells and resolution 10 x 10 m? [13],
has been performed separately for 1664 tiles of 1000 x 1000
cells, consider Fig. 6. The runtime of the three preprocessing
stages (described in Section 3) represents 90-95% of the total
runtime. This cost can be reduced if these stages are reused; in
fact, they should only be recalculated if the differences in lat-
itude and atmosphere turbidity are significant. For any desired
time-interval, the calculation of global irradiation in Andalusia
takes about four hours and less than one day for the whole of
Spain. The final time can be twice or three times greater due to
the time employed to load the DEM and save the results.

4.2. r.sun versus our model

The comparison between our model and r.sun implemen-
tation of the ESRA model under GRASS 6.2.2 [5], has been
carried out on a single Intel Pentium D and without including
terrain shadowing.

The numerical difference between the daily global clear-sky
irradiation calculated by our model and r.sun, Alrradiation =
Gic(our model) — G;.(r.sun), for the Julian day 2454371, on
an heterogenous terrain is presented in Fig. 7. This difference
is insignificant since its absolute value is always smaller than
50 Wh/ m? day, i.e., smaller than 1% of the total value of daily
irradiation. Indeed, 80% of the considered grid points have a
value of |Alrradiation| smaller than 20 W h/m?2; consider the
fourth curve in Fig. 8. The variation of Alrradiation can be ex-
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Fig. 6. The black square shows the location of Malaga, Andalusia, Spain.
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Fig. 7. Map of the numerical difference, Alrradiation (Whm2 day), between
daily global clear-sky irradiation calculated by our model and r.sun in the Julian
day 2454371.

plained by its dependence on the heights z and the one degree
discretization of the slope, aspect, and sky.

Calculating the daily global irradiation using r.sun on an ir-
regular terrain of maximum height-difference equal to 800 m,
of size 4500 x 5000 cells, using 15-min time-step, takes about
50 min. For the same conditions, our model takes 2.92 min;

about 17 times faster. As our model is independent of the simu-
lation time length and step, it could be hundreds of times faster
than r.sun for DEMs on the order of hundreds of millions of
points. If the terrain shadowing is included, r.sun takes 250 min,
while our model takes only 52.95 min; four times faster al-
though in our model the horizon data are previously computed
by an other application and can be reused in further computa-
tions of the same location [14].

5. Conclusions

Our model calculates the clear-sky irradiation on large ter-
ritories considering that most computations can be independent
on the terrain and on the simulated time-interval. In fact, it only
considers a relatively reduced set of sun positions in the sky,
and can also be easily extended to evaluate the irradiation on a
reduced set of possible terrain orientations if no horizon shad-
owing is considered. In such a situation, the model would be
almost independent on the terrain size and would only depend
on the atmospheric conditions. Nevertheless, horizon shadow-
ing should be considered in most situations, but even in this
case, we have reduced the terrain size-dependent computations
to a single loop in the azimuthal direction with seven floating
operations in each sector. Irregular accesses to the matrices, due
to the inherent irregularities of the horizons, will be analyzed in
future work, as they become an important issue for the low ratio
between flops and memory accesses.
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Fig. 8. From the top to the bottom, the first curve presents the heights, z, of the profile [N36°45'53” W4°28'27”, N36°45'58” W4°20'45"] form the DEM
of Malaga. The second curve displays the corresponding daily global irradiation calculated by our model in the Julian day 2454371. The third curve displays
the difference between daily global clear-sky irradiation calculated by our model and r.sun, Alrradiation. Finally, the fourth curve represents the distribution of

Alrradiation in the considered profile.
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