Abstract

A numerical model for generating solar radiation maps tosesldor the evaluation of
different power generation strategies is proposed. Thar satliation model is imple-
mented taking into account the terrain surface with the igel® adaptive meshes of
triangles, which are made using a refinement/derefinemecegure in accordance
with the variations of terrain surface, orography and athdte chosen methodology
defines the terrain characteristics with a minimum numbgroarits so that computa-
tional cost for a given accuracy is reduced. As we will usentioglel to find the ideal
location to get the maximum power generation, taking intmaat the effect of shad-
ows for each time step is needed. The solar radiation is frsipeited for clear-sky
conditions, considering the different components of réalm that is, beam, diffuse
and reflected radiations. The real-sky radiation is congpataly starting from the
results of clear-sky radiation, in terms of the clear-skyex. The maps of clear-sky
index are obtained from a spatial interpolation of obséowval data that are available
for each day at several points of the zone under considardtoally, the solar radi-
ation maps of a month are calculated from the daily resultse &f the aims of this
model is the analysis of the generation possibilities frathbphotovoltaic and solar
thermal power and the suitability of different location€&dran Canaria Island (Canary
Islands - Spain).

Keywords: solar radiation, clear sky, real-sky, shadows, adaptiv&Em®®, solar power,
solar photovoltaics, solar thermal.

1 Introduction

Renewable energies are showing a growing importance agjtesby. The oil short-
age and the climate change caused by the global warming haged a high increase



in the development of the different renewable energiesniglcigies. Between them,
solar power has become very important during the last yasgsalthe support of the
authorities and to the advances obtained through the arsgathis field. Part of this
research is the development of many numerical models of sd&ation.

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

1. The Earth’s geometry, revolution and rotation (decloratlatitude, solar hour

angle)

2. Terrain (elevation, albedo, surface inclination anémtation, shadows)

3. Atmospheric attenuation (scattering, absorption) tsegaparticles and clouds
Considering the three factors of atmospheric attenuatiahe model, it will produce
real-sky radiation values. If we omit the cloud attenuatiear-sky (cloudless) radi-
ation values will be obtained.

Two main groups of spatial models for solar radiation candamfl. On one hand
there are those models based on the study of data obtaimad&tellite observations
(see e.g., [3]), and, on the other, those based on astraihyatmosphere physical
and geometrical considerations. Among that latter groughighlight the works of
Sari and Hofierka [1, 2] regarding a GIS-based solar ramiatnodel.

The main purpose of this paper is the calculation of solaataxh on the terrain [4].
Solar radiation research is important not only in meteawlbut also in forestry,
agronomy, geography, medicine and, of course, power georer#&or solar collectors,
the application of our model is straightforward. It can deti@ate the terrain-induced
shading on collectors, although currently it is not oriertteradiation computation on
them. We should use the altimetry for shadow modelling angeaiforientation and
inclination of the collectors in order to calculate the so&diation.

In this work we propose some improvements to the mode&{iofand Hofierka [1,

2] and Montero et al. [4]. The accurate definition of the terrsurface and the
produced shadows are studied using an adaptive mesh ofjlagan Niewienda et
al. [5] propose calculating the GSC (geometrical shadirgffment), the proportion
of shaded area of an arbitrarily oriented surface surrodibgeshading elements, as a
function of time and location. ZakSek et al. [6] propose kaismadiation model based
on defining incidence angle by computing normal-to-thdasgr tangent plane and
direction of the Sun. Since they use a regular grid in themngotations, the compu-
tational cost of this approach is higher than others usingdaptive discretization.

Other methods [7, 8] do not consider a solid surface and, treesd a high density
of sample points in order to obtain accurate results. Inresht[4] use a mesh repre-
senting a solid surface that actually casts shadows andsadt as sensitive as the
former to the density of sample points. Mesh refinementfarenment techniques that
have been widely used in other scientific problems [9, 1012] have been applied.
Specifically, this model includes the implementation of /A€ Rivara’s refinement
algorithm [13] and derefinement algorithm [14], developgd1D].

In short, our adaptive model allows the refinement of theltesf a GIS-based
model that would have a high computational cost in accuratal larea simulations.



In addition, this model may be connected to a GIS tool as d tudaer.

Solar power generation is one of the most important chaflemgpwadays for en-
gineers. Its contribution to the next future energy scenarifundamental. The es-
timation of the actual possibilities of solar power generain a given place, starts
from the accurate knowing of the available radiation. Hguinis in mind, we have
carried out some improvements in the model [4]. To calcullageradiation values
for real sky conditions, a typical metheorological year (TMor each available mea-
surement stations has been developed following the metsediin [15]. The obtained
results allow us to estimate the amount of the expectedrelguiwer generation, for
any day at any place in the island.

2 Terrain surface mesh and detection of shadows

In [4], an adaptive procedure of mesh refinement/derefineimesn been carried out
using two different derefinement parameters in order to ir@iceaccount both, orog-
raphy and albedo. Nested meshes have been used to trarisfendation along an

evolution process (for example, shadow and radiation) fre@sh to mesh, when the
mesh changes from one step to another (for example, mesti@gap

To make the mesh generation, the first step consists in tieendieiation of nodes
allocated on the terrain surface. Their distribution mwestatapted to the orographic
and albedo characteristics in order to minimize the numbeequired nodes for a
given accuracy. A sequence of nested meshes{r, < 7, < ... < 7,} is builded
from a regular triangulation, of the rectangular region under study, such that the level
7; is obtained by a global refinement of the previous leye| with the 4-T Rivara’s
algorithm [13]. Each triangle of levet;_, is divided into four subtriangles. The
number of levelsn of the sequence is determined by the degree of discretizafio
the terrain, so we can ensure that this regular mesh is ab&ptare all the orographic
and albedo information by an interpolation of the heights altvedo in the nodes of
the mesh.

The next step consists of defining a new sequdnte= {r, < 75 < ... <
7' F,m’ < m, by applying the derefinement algorithm [10, 14]. By means$naf
derefinement parametets, ande,, we can determine the accuracy of the approxima-
tion to terrain surface and albedo. The absolute differ&eteeen the height obtained
in any point of the mesh’ , and the corresponding exact height will be lower than

The accurate estimation of the solar radiation on a terraiiase needs to take into
account the projected shadows. One triangle will be shadaween, looking at the
mesh from the sun, we can find another triangle that totallpastially covers the
former. To carry out this analysis, we construct a referaystenm’, 3y’ andz’, with
Z" in the direction of the beam radiation (see Figure 1), andriksh is projected on
the planer’y’.

The sun position with respect to a horizontal surface isrglwe two coordinates,
the solar altitudé,, and the solar azimuti, (see Figure 1), which are calculated as,
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Figure 1: Reference systems and Euler angles

sinhy = cosgcosdcosT + sinsind (1)
sin ¢ cos d cosT" — cos @ sin 6
cos Ay = , (2)
sin hg

if sinT > 0, Ay = —A;
if  sinT <0, Ay = Aj

T is the hour angle (rad) obtained from equation (5}he latitude in radians and
the sun declination in radians obtained according to [16],

sin 6 = 0.3978 sin [j' — 1.4 4 0.0355 sin(j’ — 0.0489)] ©)

with 7’ being the day angle represented in radians as follows,
21y

-/ — 4

)~ 365.25 )

Herej is the day number which varies from 1 on January 1st to 365 areber
31st. The hour anglé (rad) is calculated from the local solar timexpressed in
decimal hours on the 24 hour clock as
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For each triangle two angles are computed, the azimth(angle between the
horizontal normal projection and East), and (angle between the normal to the tri-
angle and the horizontal plane). The solar incidence afiglas then computed for
each triangle [17, 18].

Thus, we have assumed a constant irradiance on all the pdiatgiven triangle.
Once thisis done, the intersection between triangles iskelte This analysis involves
a high computational cost. To diminish this cost we have icamed four warning
points for each triangle.

We assign a different level of lighting or shade to each giarof the mesh de-
pending on the number of warning points that lie inside othangles. Specifically,
a triangleA will have an associated lighting factor,

4—1
4

Ly = (6)
with 7 = 0,1, 2, 3, 4 being the number of warning points inside other triangles éine
in front of A. Clearly, L, is a quantity betweef and1. This factor is used below in
the estimation of beam and diffuse irradiances.

3 Solar radiation modelling

Starting from the work ofari and Hofierka [1, 2], we have proposed both the use of
adaptive meshes for surface discretization and a new méthatetecting the shad-
ows over each triangle of the surface [4]. Results have ba@noved by means of
the use of TMY extracted from the available measurementostadata [15]. The
calculations flow would be:

1. Solar radiation calculation for all the mesh, assumiegickky conditions
2. TMY calculation for all the involved mesurement stations

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

Steps one and three are repeated for each time step and firathytal solar radia-
tion value is obtained integrating all the instantaneouses

3.1 Solar radiation equations for clear sky

The global solar irradiance comprises three different comepts: beam, diffuse and
reflected irradiances. The first one, partially attenuatedhle atmosphere, is not
reflected or scattered and reaches the surface directlysddwnd one is the scattered
irradiance that reaches the terrain surface and that gadkditections and produces
no shadows of the inserted opaque objects. The third onesigrriddiance which

is reflected from the surface onto an inclined receiver anuedds on the ground

albedo. The relative importance of these three kind of iaraces depends upon the



sky conditions. In sunny days, the diffuse radiation wowddb more than th&% of
the global radiation, while on overcast days its importanitebe much greater. The
reflected or albedo irradiance is the one with the lowestrdmutton to the global.

3.1.1 Beam radiation

Taking into account [19], we will take the solar consténas 1367(17/m?) outside
the atmosphere at the mean solar distance. Due to the eartifseccentricity, a
correction factok is applied for calculation of the extraterrestrial irrattaG,,.

Gy = Iye (7)

wheree = 1 + 0.03344 cos(j' — 0.048869), with 5/ being the day angle; see equation
(4). The beam irradiance, normal to the solar be@g,(17/m?) is attenuated by the
cloudless atmosphere, and calculated as follows:

GbOc = GO exp{—08662TLKm5R(m)} (8)

The term0.866277 x is the Linke atmospheric turbidity factor [dimensionlese}-
rected by [20]. Subindex shows that we are calculating clear sky irradiances. The
parametern in (8) is the relative optical air mass calculated using trenula [21],

p/Po )
sin b+ 0.50572(hy + 6.07995) 16364

m =

where hgef is the solar altitude in degrees corrected by the atmospihefiaction
componenﬂhgef, andp/p, is a correction for a given elevatian

Taking into account what written above, the beam irradiamca horizontal surface
Gy(0) becomes,

Gbc(O) = Gb(]c Lf sin ho (10)

whereh, is the solar altitude angle arig, the lighting factor that corrects the beam ir-
radiance as the surface is sunlit or shadowed. Then the besairance on an inclined
surfaceG, () is obtained as,

Gbc(ﬁ) = GbOch sin 5eacp (11)

where/ is the angle between the inclined surface and the horizoatals,, is the
solar incidence angle measured between the sun beam aiir@ctd its projection on
an inclined surface. Note that, for horizontal surfadgs, coincides withhy.

3.1.2 Diffuse radiation

The estimation of the diffuse component in sunlit or shadbWwerizontal surfaces
Ga.(0)(W/m?) is carried out using the equation,

Gdc(O) — GQTn(TLK)Fd(hQ) (12)



where G4 (0) is a function of the diffuse transmissidh), which only depends on
the Linke turbidity factor7;x and on a functior¥; depending on the solar altitude
ho [22].

The transmission functiof, (7, x ) will be,

To(Tix) = —0.015843 + 0.030543T ¢ + 0.0003797T2, (13)
And, Fd(ho),

Fd(ho) = A1 + A2 sin ho + Ag SiIl2 ho (14)

where the values ofl;, A, and A; depend only on the turbidity; . On the other
hand, the procedure for obtaining the clear-sky diffussdi@nce on a inclined surface
with an inclination angleyy, Gq(yn)(W/m?) considers both sunlit and shadowed
surfaces (see section 2) following the equations propas¢2i3]. For sunlit surfaces
(L; = 1) the equations are,

If hy > 0.1 radians

Giulo) = Gar0) (Flon)(1 -~ K0+ K 15)

If hy < 0.1 radians

Gdc(’}/N) = Gdc(O) [F(’}/N)(l — Kb) + (Kb sin’yN COS ALN)/(Ol — OOOSho)] (16)
whereA; vy = Ao — Anx
if —m<ALy <7t then Apy=A%y

if A*LN > then ALN = AEN — 21
if A*LN < —7m then ALN :A*LN—|—27T

For shadowed surfaces { < 1).

Gac(Yv) = Gac(0)F () (17)

whereF'(y) is a function defined for the diffuse sky irradiance that magbmputed
as,

F(yn) =ri(yn) + N (Siﬂ YN — Y Cos Yy — msin® 77N> (18)
beingr;(yy) a fraction of the sky dome viewed by an inclined surface,
ri(yn) = (14 cosyy)/2 (19)

The value ofV for shadowed surfaces(s25227 while, for sunlit surfaces under clear
sky, it is defined as,

N = 0.00263 — 0.712K;, — 0.6883 K} (20)



K, is a proportion between beam irradiance and extrateraéswlar irradiance on a
horizontal surface,

Ky = Gie(0)/Go(0) (21)
where

GQ(O) = GQ sin h(] (22)

3.1.3 Reflected radiation

The last component to take into account is the ground retleni@diance under clear
sky (G,(vn)). According to [24], this will be proportional to the globabtizontal
irradianceG.(0), to the mean ground albegg and a fraction of the ground viewed
by an inclined surface,(yy).

Gr(Yw) = pgGe(0)rg(n) (23)
where

rg(yn) = (1 —cosyn)/2 (24)

Go(0) = Gu(0) + Gae(0) (25)

3.2 Solar radiation under real-sky

Once we have the clear sky radiation values, a correctiobt@mthe real sky values
is necessary. This correction is needed due to the presémteuds. The values of
global radiation on a horizontal surface for real sky caodi G (0) are calculated as
a correction of those of clear sky.(0) with the clear sky indeX. which has been
studied for the island of Gran Canaria [25],

G(0) = G.(0)k. (26)

As some measures of global radiati6fy(0) (where subindex meansstation) are
available at different measurement stations (see 3.3yahe of the clear sky index
at each of those points may be computed as,

ke = G5(0)/Ge(0) (27)

At this point we havek. values only for the measurement stations. The next step
will be the interpolation of the index for the whole zone. Angle formula that has
also been used in other environmental problems defined oplearorography (see,
e.g., [26]) is applied,

(28)



wherek, corresponds to the clear sky index at each point of the nigsis the clear
sky index obtained at the measurement statidhss the number of stations used in
the interpolation,, is the horizontal distance andh,,| is the difference in height
between statiom and the studied point, respectively, ants a parameter betweén
andl. In problems with regular orography or in two-dimensionadlgses, we choose
high values ot. However, for complex terrains, lower values=cdire a better choice.
Thus, since in practice the studied regions often preseiht tegular and irregular
zones, an intermediate value®fs more suitable. We have to include the case where
the studied point coincides with a measurement stationu¢h sases, equation (28)
is not continuous. The continuity is ensured if we assumenbasured value at those
points. To calculate the value 6f,(0) andG4(0) under real sky, a similar procedure
may be applied from experimental measures.

3.3 Typical meteorological year

To obtain the radiation values in real sky conditions we &eneasured values in
several measurement stations (see 3.2). However, usingathes of a single year
would take us to a non reliable result since the used datararteof the weather

conditions in that particular year. To avoid this problemnesd an accurate typical
meteorological year (TMY). A revision of different methoaisobtain it can be seen
in [27].

3.3.1 Time series analysis

As we can see in the literature, autoregressive moving geeif@RMA) models are
widely applied to time series [28]. A series can be adjustethbans of an additive
way,

Y, = Z[aicos(wit) + Bisin(wit)] + €& (29)
wherew is a constant and the deterministic part of Haeariability is a trigonometric
series, and the random componetfits an ARMA model,

€ = ¢1€t,1 + ...+ (prt,p + ay + 091&15,1 +...+ ant,q (30)

The model orders angandq, and its variability depends upon their inmediately pre-
vious values and a random seriesyhich satisfies the following:

E(a;) =0 V(a) =02 Cov(as,ary)=0 Vit k

To soften irregularities, moving averages have been ushkdsélones have been ad-
justed by the least-squared method. Due to the cyclicalacher of our series, a
Fourier analysis has been chosen. So, Equation (29) becomes

: 2mit omit
Yt:a(ﬁ—Z{aicos(?)—i—Bism(gl )]—i—et t=1...n (32)
i=1




being7 the cycle period. Using the moving average method allowsitormze the
time series noise transforminyg series in another one by means of the following
transformation,

MYy =Y wYey (32)

Jj=—m
1
Wy =
2m+1
beingw_,, + ... + wo + ... + w,, the weights for the adjusted series mean. In this
example we have chosen a simple weighting function.

To soften the available time series, the Henderson moviepge, heré/s;, has
been used. Its amplitude2sn + 1 = 21, and the weight values are,

j=-—m,...... ,+m

W= = 10,-9,...... 10
7= 3059 T ’

3.3.2 Maximum, mean and median trends

TMY describes both, daily global solar irradiation and gaiinshine duration (see [15,
25]). At a considered location, the relevant climatic paggers evolution along the
lifetime of the installation can be represented generathmyacteristic year series by
the one year duration temporal series provided by the TMY.cdfapute the daily
typical meteorological year of maximums, means, mediaasance and percentiles
of 90% and 75% series of values. In order to improve the kndgdeof solar intensi-
ties, it was obtained one TMY for each of those series usinghteneans to smooth
the irregular data. Finally, the TMY series were fitted tadhgrade Fourier series,
obtaining excellent results in all the locations aroundiseend.

Once all the TMY series were analyzed, the real trend of tie@ajlirradiation
behaviour in every location is represented by the median TdiYes because means
are more susceptible to spurious data. Most of the daysmtrasdear sky condition
in the island southern stations, so median TMY series are gegular and similar,
following an annual tendency without many disturbing valua Las Palmas de Gran
Canaria and Galdar (northern stations), the irradiatigifess a descent during the
summer months. This effect is caused by the cloudiness gy the Trade Winds
along the northern face of the island. Although Sta. Bagglon the northern face of
the island, the cloudiness in the summer months doesnttatfbecause of its higher
altitude.

The proposed model to represent daily time series for riadhi:

T,— Z,

L (33)
Sd

whered = 1,...,365 anda = 1,..., A being A the number of years with data/ is

the average of all the original valugs,, s, the series variance, ang, is the residual

ARMA series computed using (30).
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For means, we have used the moving average
1 A
ha=—Y MyZ, d=1,2,...,365 34
mq 1 ; 214ad (34)

In the other hand, the median series is,
M, = median(Z.q) a=1,...,A d=1,2,...,365 (35)
As always, the Henderson moving average was used,

My=MxM, d=1,2,...,365 (36)
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Figure 2: TMY trends

We can see the TMY trends for one of the available measuresteians in Figure
2.

4 Results

Complete radiation results have been obtained for Granr@aiséand, part of the Ca-
nary Islands archipelago. Its coordinates 28e)6° latitude and—15.25° longitude.
The UTM coordinates (metres) that define the corners of tinsidered rectangular
domain including the island arel17025, 3061825) and (466475, 3117475), respec-
tively.

Using the refinemet/derefinement parameters as in [4], a miésb866 nodes and
11683 triangles was built to describe the orography anddalbéthe island. To define
the albedo, the different types of land use in Gran Canalaadshave been studied.
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In this simulation, the albedo of the zone varies frob (Macaronesic laurisilva) to
0.6 (Salt mine). Diffuse radiation calculation implies the dex knowing the Linke
turbidity factor. It can be obtained online from the SoDav&ry [29] for each month.
Beam, diffuse and reflected radiations are comptued usangdhations presented in
section 3, and taking into account the calculated shadotsiliition on the mesh.
Then, for each day, the clear sky global radiation is congputith the desired time
step, as the sum of the three components. In the studied, vesdgmve chosen a 30
minutes step. We have used Simpson formula to integrate tes numerically in
order to obtain the daily radiations.

Once this is done, real sky values are computed using actdigtion data. Seven
measurement stations are available with complete data years 1998 to 2008, for
Gran Canaria Island. Table 1 includes their locations. &aah data have been pro-
vided by the Canary Islands Technological Institute (IT®hce we have computed
the typical meteorological year for all the stations [15], 26al sky radiation values
for Gran Canaria Island were obtained for every month.

Table 1: Geolocation of different stations on Gran Canasiand. Beside latitude,
longitude and height (m) of each station place, the cormeding description of village
is provided.

Island label latitude longitude  height
Pozo Izquierdo CO 27.8175N 15.4244W 47
Las Palmas de G. C. Cl 28.1108N 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

If we take a look at the obtained results, we can see that,rwiear sky condi-
tions, beam, diffuse and reflected radiation values aretat?ou 87%, 13 — 18% and
0 — 0.5% of the mean global radiation respectively. The monthlyydailerage real
sky global radiation, for the whole studied region (Gran &anlsland), varies from
10.6 M J/m? per day in December, 5.6 M J/m? per day in June (see Figure 3). In
this Figure we can see the annual evolution of the computetthhoaverage per day
for both, clear sky and real sky global radiation.

Taking a look at the differences between both curves we olitgure 4, where
the percentage decrease from the computed radiation ismiegs In this Figure we
observe the radiation behaviour for Gran Canaria Islandrevthe most clear days
over the whole island are those from Spring, especiallydpithe months of May and
June. We can see the typical behaviour of the cloudinessipeatby the Trade Winds
over the island during Summer. The months of July and Augusivsa separation
from the trend that would be expected when we are talking tathosi season. That

12
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decrease in the radiation level over the whole island isexhby the above mentioned
cloudiness which affects in Summer to the northern parteidle.

One month from each season is presented. Figures 5, 6, 7 druh@lse real sky
radiation maps for January, April, July and October. In Fégtithe effect of the trade
winds in the northeastern part of the island can be obsetudHis region, a flat zone,
the computed radiation is lower than expected due to thedoless caused by these
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5 Conclusions

An improved numerical model for estimating the solar radiabn a surface is pro-
posed. The requirements for a simulation are the locatmppdraphy, albedo and
observational data. Solar radiation on a surface is estintaking into account the
shadow distribution in each time step. For this purpose athaptivity of the trian-
gulation related to the topography and albedo is essertadptive meshes lead to a
minimum computational cost, since the number of triangldsetused is optimum [4].

In order to obtain accurate model results, realistic dsganaeded. The more mea-
surements stations available, the more accurate the sesillbe. Moreover, statis-
tical treatment of data is necessary to reach accurate wsiook about the possible
behaviour of the radiation distribution values for a givésce and month. So, a typi-
cal meteorological year (TMY) has been computed [15, 25¢teesas departure point
to estimate the real sky radiation values. To calculatesthee propose an interpola-
tion method which is suitable when a considerable numbetatibgs is available and
they are well distributed in the zone under study. Anothecedures, such as spline
functions for interpolating the clear sky index on the scef¢see e.g. [30]) can be
applied.

The developed numerical model allows to choose the mosttdaizone in the is-
land, where a solar power station can be placed accordinigetoeial sky radiation
values. Solar thermal or photovoltaic power generatiorsipdgies are easily esti-
mated starting from the results obtained using the modelse®& in Figures 5 and
following, real sky radiation values are available for eactd every month from a
TMY. This means that solar power generation, photovoltaisatar thermal, can be
estimated from those, taking into account the models of tfierent power station
parts. Moreover, rectangular collectors can be includédermodel as composed by
two triangles in the same plane. The steps to be followed thike triangles are the
same developed for the rest of triangles of the mesh. Thexgtoe problem would be
reduced to the analysis of the solar radiation on such tigsrigr a given inclination
angle of the southwards-oriented collectors.

The present analysis is done focusing on energy. To make arpavalysis, once
a single point in the region is chosen, a new computation efniodel is needed,
stopping in the step prior to the irradiance numerical iraggn. At this point we have
the hourly clear sky distribution of radiation for any dayammonth. The irradiation
(energy) for each day, in real sky conditions, is now distigiol along the sunshine
hours of the day, following the clear sky hourly distriburtio
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