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RESUMEN

Durante los ultimos afios se ha puesto de manifiestiecesidad de trasladar los puntos de
generacion eléctrica a las zonas de consumo. Goaesbptimizaria la infraestructura necesaria
para el transporte de la energia y como conse@jegei produciria una reduccion de las
pérdidas durante la fase de transporte. En estextonla energia solar se impone como el
recurso limpio con mayor capacidad de aprovechdmiem los entornos urbanos. La

generacion distribuida requiere de herramientagrimdticas fiables para la eleccién de los
emplazamientos més idoneos para la instalacioistigms fotovoltaicos y solares térmicos en
los elementos urbanos de mayor superficie, lasafiah Sin embargo, la falta de espacio
disponible con que cuenta un propietario en sua@@hhace necesario el conocimiento preciso
de la energia disponible. Por ello, en este trabajonvestigacion se pretenden estimar las
magnitudes necesarias para conocer la viabilidagstke tipo de instalaciones sobre fachadas,
creando una herramienta informatica capaz de pcapw@r mapas de contorno de radiacion

solar sobre fachadas de edificios en entorno ugano

Palabras clave: entornos urbanos, fachadas, radiaclar, sombras
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ABSTRACT

In recent years, the necessity of relocating tketgtity generation centrals closer to the final
consumption areas has been detected. Thus, optgnitie infrastructure required, and
consequently minimizing the energy losses on thesportation phase has been established as
drivers of the sector development. In this contestjar energy emerges as the most
environmental friendly and appealing resource,dditton to its suitability in urban areas. The
distributed generation requires of reliable IT ®&br the selection of best locations when it
comes to the photovoltaic and solar thermal systemshe largest urban elements, namely
facades. However, the lack of available space matteisable for the house owner to accurately
measure the existing energy. For that reason réisisarch project intends to establish the key
performance indicators so as to determine the sysiability for this particular purpose, then a
software tool able to provide solar radiation comtonaps on fagades of buildings in urban

environments has been developed.

Key words: urban environments, facades, solaatiddi, shadows
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1. INTRODUCTION

The current situation of economy, environment anciety is suffering a progressive change
toward a new model based on the management optionizaf the energetic resources, in which
all the social actors (governments, companies #izeras) must participate.

Most of the countries of the world have changedrtheergetic policies in the last years on
account of global warming and the general decrefske amount of the available traditional
energy sources (coal and oil) together with thedase of their prices.

Specifically, the European Union has worked hamehis direction than the rest of the states
due to his important dependence on the supply sfagal oil from Asia and Africa. For that

reason, the future viability of the European engcgeystem will depend on the correct
establishment of the energetic efficiency poli@ed the use of renewable energies.

The well-known European parliament directive 20220¢stablishes the following targets:

e Areduction of 20% in EU greenhouse gas emissimr the 1990 levels

« Arraise of the share of EU energy consumption predudrom renewable resources up
to 20%

* Animprovement of 20% in the EU energy efficiency

Thus, the 20-20-20 targets represent an integratpdation that aims to combat against climate
change, to increase the EU energy security antldogthen its competitiveness.

1.1 Solar radiation maps on fagades in the context of R 1699/2011

The RD 1699/2011 is the draft of the future regatathat will establish the conditions for the
implementation of the net metering in the electrinatallation in buildings in Spain. With this
policy, general users, and particularly, houseleoldsumers, could use the electricity generated
by their own installations, giving the rest to thevider company and taking its electricity
when they are not able to produce it.

Thus, most of the users could place photovoltaiesaon a piece of their facades, being able to
produce their own energy. For that reason, ittieresting to know how much electricity could
provide these panels and, for that, an economaystwuld be required.

In that sense, solar radiation maps turn into afulisool since, with them, owners will have
better information to evaluate the viability investcessary for the net metering system.

Alvaro Marquez Garcia Master en Energias Renovables Distribuidad€O 1
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1.2 Applicability of the solar radiation maps on facade

The creation of a method for calculating solar aidh maps on facades presents a wide
applicability for supporting the decisions of théfetent agents involved, housing owners,
urban planners and daylighting specialists.

The rate of solar irradiance on buildings has abuagen an important factor for the purchase of
a home since with information about the solar iaade on a window of a house, it is easy to
calculate the natural illumination that the sunwvmes inside the room. However, none

estimation is done for this purpose. Knowing theeleof this rate, any potential buyer can

analyze if the house satisfies his expectationgduhtion, it also can facilitate the analysis of

different strategies of the passive energetic syst® reduce the loads of the buildings during
the year.

The installation of photovoltaic panels and sollagrtnal collectors takes every day more
importance. Besides the roofs, the facades of ingigdrepresent big surfaces with great rates of
radiation so that they can be used to install thésgs of systems for producing electricity and
hot water. Solar radiation maps could be very udefithat purpose.

On the other hand, radiation maps on facades canled used by urban planning designers.
Solar Rights is an old concept that has been studigny times, during the last decades. The
most important elements of the urban environmenish as squares, avenues, gardens etc must
collect some features for guaranteeing the minimwaiues of habitability to be used for
citizens. For that reason, this application toah telp urban designer to improve the future
growth of the cities.

Moreover, theCodigo Tecnico de la Edificacidi€TE) develops in detail how to get the targets
for the 20/20/20 European directive. This one regmés a compulsory regulation for the
recently constructed buildings. The section “SaveerBy” of the Basic Document HE-4
establishes the minimum contributions of energynfrienewable energies, having the solar
radiation an important consideration.

However, as mentioned before, this mandatory rully oefers to newly built houses. The
current situation in the housing market, almostafyaed since 2009, makes that the rate of
homes with these new energy systems based on ¢hef aspercentage from renewable sources
has not increased as expected.

At this point it is necessary to develop techniqtines promote the same philosophy of the CTE
but applied to the existing building.

All these applications, as shown in Fig.1, dematstthat the realization of an open solar
radiation map software has an extensive applidgbili

Alvaro Marquez Garcia Master en Energias Renovables Distribuidad€O 2
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Solar Radiation Map on Facades
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Energy Energy
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Figure 1: Applications of the solar radiation contour mapdagades
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2 AIMS OF THE PROJECT

In this context, the aims of this project can bexsiarized as follows:

a) Analysis of some solar radiation software for ckdting solar irradiance and energy in
urban environments.

b) Creation of an open toolbox using the Visual Bdaimguage of Microsoft Excel for
estimating the irradiance and solar radiation @adas of buildings.

c) Development of daily radiation contour maps on é@sain urban environments.

d) Comparison between the results obtained with comialesoftware and the open
application developed

Alvaro Marquez Garcia Master en Energias Renovables Distribuidad€O 5
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3 BIBLIOGRAPHIC REVIEW

The researches about solar energy in urban enveontsnwhich have been written during the
last decades, are numerous. Many scientists havedewed that the use of coal and oil for
generating electricity should decrease, and, figr tbason, it might be a change in the model,
going from the use of traditional energy sourcesatmther one, based on the use of the
renewable energies available in the cities. Inftlewing chapters a review of the techniques
and methods developed for this purpose is exposed.

3.1 Analysis of obstacles using solar charts

Solar charts have been used for resolving seveshlgms which involve the position of the sun
for a specific instant. There are different solaarts, depending on the projection chosen. The
most used are stereographic and cylindrical prigjecihese projections represent useful tools
for the analysis of obstacles for the study of sklin urban environments M. Drif et al. [1].
Both of them, stereographic and cylindrical pramts, can be used to establish the position of
the sun for a specific time and latitude. Each lne®its own properties, features and limitations,
so the researcher must chose it depending on Heestadied.

The method for calculating shadows on a point lefiéding fagade using solar charts, consist of
drawing the trajectory that the sun keeps alongithe for a specific Julian day and latitude. It
can be made using solar charts software. In additiee neighborhood buildings must also be
represented in the solar chart. In Fig.2-3, twongas of analysis of shadows using
stereographic and cylindrical solar charts are shoWwhe easiest way for drawing the
projections of the obstacles is by an heliosphpitture, done over the studying point. These
projections can be made with several softwares.

= Altura Solar Soleamiento. Lat= 28, Fecha= 80, Orie=-65, Incl= 90
90
- T ——
R 21 Jun
80 | Mapul
Il i . | AbriAgo
70 L Mar/Sep
- w7 . | Feb/0ct
60 ™
- Ene/Mow
L .. - | 21 Dic
50 K&
- / HOY
40 B b % = - | Sombra
% L | P—
20 0
10 I :
I ] | i | l ! | ! 1|2 1 | 1'3 ! | i [} ! Azimut
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Figure 2. Representation of the obstacles on a cylinddoldr chart
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The utilization of solar charts for studying ob&sacand shadows presents some problems and
limitations. The solar chart is made for a spegiint, so if many points must be studied, it is
necessary to design a chart for each one. Cylialdpgmjection cannot represent points with
latitude of 90, because a cylinder with an infinite length axiswd be needed. That is why
cylindrical solar chart is only used for points liatitude lower than 70

Cordoba (37° 63" M)
Altitude: 107 m

(106° 20%

S Sunrise at 0B:00
21-Sep/21-Mar 07,43 BT Sunset at 18.00

Figure 3: Representation of the obstacles on a stereograptar chart

3.2 Solar and shadows control in urban environments

Solar radiation on buildings in urban environmem@s an important influence on the
temperature inside them. Its comprehension is wegyesting for the temperature regulation it
along the year. Controlling this temperature, thergetic efficiency can be improved, reducing
the housing loads in winter and summer, Salazgilloret al. [2].

In neighborhoods where the houses do not have tharetwo or three floors, the shadows
produced by the nearest buildings are not sigmific@dmez-Mufioz and Porta-Gandara [3]. In
these cases the most important elements for soldrat are the trees which were studied by
GoOmez-Mufioz [4] et al. According to the authorg tlees can be modelled using cubes and a
specific parametrization.

In Fig.4, the modeling of a tree by a rectangularapelepiped is shown, wherg f, and §{
represent the foliage density in each directiore Tiimitation of this method is that, for newly
planted trees, a growth model for each kind of inesst be created. For that reason, the analysis
of energy efficiency improvement in houses duétottees cannot be easily made.
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fz

fx
fy

Figure 4: Modeling of a tree by a rectangular paralleledipe

In this kind of neighborhoods, which are formedlbw height housings, it is very useful to
design the building depending on the energeticieficy. There are some researches as Tang
Mingfang [5] whose objective is the reduction of ttold and heat loads at the conception stage
of the house. These methods depend on the azinmgle af the different facades of the
building. The first step is that for a specificitiatle, it is necessary to know the months of the
year with the lowest and the highest temperatunethe first case, the orientation of the main
fagcades must get the maximum solar radiation atbegday to reduce the heating inside the
rooms. In the hottest months, the same orientatiost be shaded as much as possible for
reducing the cold loads. These two objectives atempatible simultaneously in the majority
of the cases, so the designer must choose onermof tittending to if the area is typically hot or
cold.

Shadow control in urban environments has been edludontinuously by many researchers
along the last decades. In cities where the bugltigights are high, shadows on facades have an
important influence on the lighting, temperaturel auality of life, Kwang-Wook Park et al.
[6]. In Fig.5 the geometric problem studied by Ebasi et al. is shown [7]. For a specific time
and latitude the position of the sun can be detezthby the solar azimuthg®, and solar height
“B”. Knowing the difference of the building heightg’;and the distance between them “x”, the
estimation of the shadows produced by each othebeaasily calculated.

The shadow conditions for the scheme of Fig.5 are:
a) The vertical plane that crosses both buildings nfosin an angle with the south
direction identical to the solar azimuth, for tlemsidered moment.
b) The relation between the buildings distance “x” #émel difference of buildings heights
“y” must be lower than the cotangent of the sokight.
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Figure 5: Shadow conditions for two neighbor buildings

If both shadow conditions are fulfilled simultansby the higher building will produce shadow

on the lower one. Knowing the buildings heights aepresenting the cotangent of the solar
height in a polar coordinates system, the distdretereen them can be estimated for getting
shading or daylighting. It is demonstrated thaisitnot possible to achieve shadows in the
heatest months and lighting in the coldest months.

3.3 Solar rights in urban environments

Many techniques and methods have been developestablishing the construction limitations
which guarantee solar rights in cities since theosd half of the 20 century. During the
history the daylighting has represented an impomaector of quality of life, H. Alzoubi [8]. It
affects to the health and human behaviors. With dbestruction of skyscrapers, it was
necessary to fix some urban planning conditiongui@rantee a minimum amount of daily solar
radiation on buildings.

The researches in this field have detailed thendi&fh of solar rights surfaces as the
tridimensional geometric enveloping which descthme maximum height for buildable volumes
for preserving a given amount of irradiance in edja places.

270 wim*

Figure 6: Solar rights surfaces
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To obtain these surfaces E.Morello and C. Ratti yS¢d a terrestrial digital model and a
celestial model of the studied area, as it is shawifrig.6. After calculating the average

radiation values in a given region of the sky, gjmg algorithms that can be programmed in
some software like Matlab, the previously mentiosetar surfaces are obtained, providing
accurate information about the construction linmias in order to ensure certain values of solar
radiation.

3.4 Software applications for the analysis of daylightig

The complexity for the calculation of shadows aadiation in urban environments is extremely
high due to the large amount of factors and intevas that must be studied, Jianmin Shao [10].
For the analysis of large neighborhoods, it is Bsagy to use computer programs for the
calculation of radiation, which reduces signifidgnthe resolution time of the problem,
Chitrarekha Kabre [11].

The Solene software, designed by CERMA, studiedisigibution of daylighting in complex

urban environments, F. Minguet [12]. Using this laggtion it is possible to estimate the
shadows produced by the adjacent buildings andstimighting on the facades and inside
buildings. In Fig.7 an example of the study of tteylighting factor inside a room by two
transparent windows is shown.

Figure 7: Daylighting factor inside a room using Solenesafe

This is quite useful for architects since it reprgs an easy tool for making simulations to
decide the distribution of the windows in facaded eoofs. This software also shows the losses
of daylight due to passive elements such as megsigs).
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% loss

Figure 8: Estimation of the losses due to a mesh usingnedeftware
However, this application does not estimate valokegradiance and solar radiation on the
different elements of the urban environment. Bdlsidais only a tool for the analysis of the
distribution of the daylight.

For the study of the irradiance and solar radiatromirban environments, there are multiple
applications, being Heliodon, created by Benoit k&es and Luc Masset, one of the most
important.

Figure 9: Three-dimensional model using Heliodon software

Heliodon provides graphics of irradiance and sefargy on building facades for different time
intervals (Fig.9). This program is based on a vaagy physical model, in order to reduce the
execution and computation time, in which only theect component of the solar radiation is
considered, E. Antaluca et al. [13]. The model &sddl on extraterrestrial solar radiation
determined by the time and space position of theuksion point on earth. The solar flux in

KWh/m? arriving at a point on the earth’s surface is eited using the expression (Eq.1):

Hc = Hy.T™ (1)
Where H is the extraterrestrial solar flux, is the atmospheric transmittance and m is the

fraction between the real distance and the zenithal Heliodon usesgd 1380 W/nd andt =
0.7 by default. The value of m is given by the diua(Eq.2):
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m=—2% )
101.3 cosy

Where pa is the atmospheric pressure gnthe zenithal angle. The atmospheric pressure
depends on the altitude in Km and it is given ®y/ekpression (Eq.3):

—altitude

pa =102.3.e sz 3)

This physical model is quite simple, since it omslculates the direct component of the
irradiance, ignoring the diffuse and reflected onBEse albedo, whose importance in urban
environments has been studied by A. Tsangrasgddljgs either considered. Furthermore, the
model only considers clear skies and leaves taislee the decision of modifying the results for
the case of the influence of the clouds.. The nraonvenient is that this program only offers
global results for the specific element of the warlmaodel so the user could not know the
distribution of the values on the element (Fig.10).

7000

Curnulated solar energy (21-Mar)

B000
5000
4000
- 3000
2000

1000

0 :
01 2 3 4 5 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24

Figure 10: Daily solar radiation distribution using Heliodsaftware

To maximize the use of available solar energy ie dities, it is necessary to know the

distribution of the irradiance in a very preciseywBue to the limited available space in the

urban environments, the solar energy catchmenéemsysshould occupy a little surface and to
ensure the electricity production, the design efitistallation must be done using very accurate
data. As a consequence, the aim of this projabiei€reation of an application software to study
the irradiance and the radiation in every pointhe different elements of the buildings and

using a more precise physical model, the CollamgiRa model [15], able to show more

accurate results.
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4 METHODOLOGY

This general aim of this project is the creatioraafoftware tool using Visual Basic language

for analyzing in a deep way how the buildings aieagghborhood affect to the available solar

energy on the facades of another one. For thioneasstudy of the existing solar softwares is

needed, to check how they work, their interfacesthe results obtained. That is very important

due to the fact that one required goal is that dbeeloped application must have an easy
working during its data input stage and must haveuseful data output management. As a
consequence, the first step is the election ofighberhood and the creation of its urban model,

which will be used to obtain the results, using éxésting solar radiation softwares and the

developed solar maps software tool. In the follgvohapters each one of these steps are
explained.

4.1 Creation of the urban model

In order to study solar radiation on buildings f#&s, it is necessary to start from an exact
geometric definition of all elements of the urbamvieonment. The case studied is a 3

dimensional problem, in which the buildings arestixin relation to a global reference system
and the sun has a motion that depends on thedaténd longitude of the emplacement and the
particular time of the year. For that reason th& Btep is the creation of the urban model.

The place selected is located in the city of Céadobhe name of this neighboring is Vista
Alegre Square and its geographic coordinates ditada 37.88N and longitude 4.8%V. The
aspect of this urban environment is shown in Fig.11

= ————— 5 =
legre neighborhood in Cordoba

Figure 11 Situation of Vista A
This place (Fig.11) has been selected because &herseveral representative urban elements.

The neighboring is a consolidate zone in whichelae both wide and narrow streets, a square,
buildings with different kind of facades and a paldport center. That is very important to
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study the influence of the interactions betweenféigades in the shadows, irradiance and solar
radiation. In the following chapters, the stepstfar creation of the urban model are presented.

4.1.1 Cartography of the studied area

To establish the geometric definition of the plaetected, a cartographic map is required. Using
a file .dwg provided by Gerencia de Urbanismo dedGba, the neighborhood in 2-dimensions
is determined.

The cartography belongs to the photogrammetridifflig996 sheet 4.15. However, building
heights data are not available in the city of Céalcso it is necessary to make measurements
for its determination.

4.1.2 Determination of building heights

To make accurate measurements of the building teightheodolite is used. Due to the fact
that the author of the project has no help for theasurement, a method based on the use of the
available cartography is applied.

This method consists on setting the theodolitengt @oint situated in the square. From this
point, the two horizontal angles formed by threessxutive edges, are measured. In the
cartography these two angles are represented lyritagor arches. With this technique the
point where the theodolite is situated is deterohing using the cartography, the distance
between the theodolite and the edges of the bgidare known. After that, the vertical angle
that an edge of a building forms is measured. Bypk trigonometry the building height is
calculated. The same process is done for the fabeduildings. The steps are detailed in the
following paragraphs.

At any place of the Vista Alegre square, the théitelis set, keeping the condition that from
this point at least one edge of each building nbastisible. Once the point is chosen and the
theodolite is placed, it is necessary to leveliit o

a) First Step. Determination of the theodolite locatiian point

The 2 horizontal angles formed by the edges 1,d23aare measured (Fig.12). For that, the 3
horizontal angles of these edges are read witthédolite. Table.1 shows the results.

Table 1: Horizontal angles for the selected edges
Horizontal Angles for each edge Measurement (centesimal degreed

Lhl 40,5
Lh2 1349
Lh3 228,7
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With the results obtained, the 2 horizontal an¢fég.12) are calculated (Table.2).

Table 2 Determination of the two horizontal angles
Horizontal angles Centesimal Degrees Sexagesimal degrees

Lh12 94,4 84,9

Lh23 93,8 84,4

A.“g"j/
/
; /
%g Theodolite

Unknown Point

Figure 12 Horizontal angles measured for determining tle@tiolite location

With these two angles, over the cartography ofrniighboring, the major arches for Lh12 and
Lh23 are drawn. The intersection point will be phece where the theodolite is located (Fig.13).

-y

./ Theodolite
localization
determined

Figure 13 Determination of the theodolite localization poin

Once the accurate point is known, the distancesdet the theodolite and the building edges
can be measured directly using the cartographylfilg.
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b) Second Step. Determination of buildings’ heights

Using the theodolite and from the same point, ttical angles that each building edge forms
with the ground, are measured. Knowing these aragtesthe distance between the theodolite
and each edge, the heights are estimated by tmgetny. In Fig.14 the edge chosen for each
building is shown.

Figure 14 Chosen Edges of each building
With the information collected and using the expi@s (4) the heights are easily estimated.
Hi = Li x tag (Lvi) (4)
Where:
Hi represents the height of the building i
Li represents the distance between the theodoht the edge of the building i

Lvi represents the vertical angle that the edgi@building i forms

In Table.3, the building heights are shown.
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Table 3 Determination of the building heights

Building Distance (m) Vertical Angle(°) Height (m)
A 23,17 47,2 25,02
B 76,51 17,5 24,12
C 30,41 33,6 20,20
D 87,30 15,6 24,37
E 36,08 34,6 24,89
F 42,66 31,8 26,45
G 82,59 18,1 26,99
H 86,1 16,9 26,16

4.1.3 Three-dimensional urban model

Knowing the buildings heights and with the suppmdrthe cartography, the 3D urban model is
created. SketchUp software has been used to dettdomodel because it represents an easy
and intuitive tool for that purpose. Finally, theban model for Vista Alegre neighborhood is
created and shown in Fig.15.

Figure 15 Three-dimensional urban model of Vista Alegreghbiorhood

4.2 Solar Position and solar radiation software

Once, that the three-dimensional model of the rnmdiood is created, it can be imported to
some solar position and solar radiation softwareshis project a review of SunPath software
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and Heliodon software has been done. Their intesiadata input and data output are shown in
the following epigraphs.

4.2.1 SunPath Software

SunPath application is a software developed byFbéda Solar Energy Center whose main
objective is, to locate the position of the sundaspecific place and time. It has a library with
some localizations and allows the creation of n@&so by its latitude, longitude and horary
zone. For a chosen place, some tools are avaifabldocating the sun under different
conditions.

In this epigraph the most important applications tfee urban environment which has been
represented in the three-dimensional model, Viségre neighborhood, are shown.

The first step involves introducing the localizatiof Vista Alegre Square using its data:

Table 4 Configuration of the studied area in SunPathvemfe
Localization Cordoba
Latitude 037:53:05
West Long  004:46:44
Time Zone 23 (GMT+01:00)

Once the localization is created, SunPath showsrhi®@ menu, with seven tools, which are
explained below for Vista Alegre square.

a) Sun Position for a single selected date and time

Introducing a date time and a specific hour, SumRatculates and shows solar azimuth and
solar altitude. For example, for the civil time 18:02 and date 23/03/2013 the results are:

+ Solar altitude: 003°17'28"
+ Solar azimuth: 269°46'07"

b) SunPath for a sequence of times and dates

Beginning and final dates of the studied intervaliatroduced, with the step in days. After that,
the process is repeated with the beginning and Finar and the step in hours, minutes and
seconds. SunPath shows an .ascii file with thd tivie, solar time and solar azimuth and
altitude for the selected interval.
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In Fig.16 the results for an interval betweéhahd 2% July 2013, with a step of two hours, are

shown.

TIME INTERWVAL IN MINUTES = 120 NO. POINTS=5
TIME INTERVAL IN SECONDS = 7200

COVERING TIMES: 08:00:00 TO 17.00:00

OM JULIAN DAYS 182TO 183

SUNPATH THROUGH THE SKY

RUM DATE: 03-23-2013 19:08:54 SUNPATH CALCULATIONS USING PROGRAM SUNPATH
SOLAR POSITIONS FOR: Cordoba, Espafia  YEAR: 2013
LATITUDE = 037°53'05" LONGITUDE = 004"46'44"
TIME ZONE = 23 OR GMT+01:00
TIME INTERVALS ARE EQUAL INTERVALS IN CIVIL TIME
ICIVIL CIVIL [SOLAR SOLAR |SOLAR ALTITUDE |SOLAR  AZIMUTH
MO DA JULIHOUR HR:MI:SE/HOUR HR:MI:SE|DEGREE DEG:MI:SE|DEGREE DEG:MI:SE
7 1182 & B:00:00[6.613 6:36:49) 20.917 20:55.02| 76,4981 76:29:53
7 1182/ 1010:00:00(6.613 8:36:48| 44.383 44:23:01]93.9102 93:54:36
7 1182 12 12:00:00/10.61 10:36:47| 66.809 66:48:35| 123.938 123:56:21
7 1182 14 14:00:00[12.61 12:36:47| 73.167 73:10:03| 210.508 210:30:30
7 1182] 16 16:00:00/14.61 14:36:46] 53 429 53:25:45| 257 416 257:24:58

SUNPATH THROUGH THE SKY

RUN DATE: 03-23-2013 19:08:54 SUNPATH CALCULATIONS USING PROGRAM SUNPATH
SOLAR POSITIONS FOR: Cordoba, Espafia  YEAR: 2013
LATITUDE = 037°52'05" LONGITUDE = (04°46'44"
TIME ZONE = 23 OR GMT+01.00
TIME INTERVALS ARE EQUAL INTERVALS IN CIVIL TIME
|CIVIL CIVIL |SOLAR SOLAR |SOLAR ALTITUDE [SOLAR  AZIMUTH
MO DA JULJHOUR HR:MIESE|HOUR HR:MI:SE|DEGREE DEG:MI.SE|DEGREE DEGMISE
7 2183 & 8:00:00(6.610 £:36:38] 20.838 20:50:17| 76.5432 76:32:35

7 2183
7 2183]
7 2183
7 2183

10 10:00:00|8 610 8:36:37| 44.306 44:18:21] 93.9744 93:58:27

12 12:00:00/10.61 10:36:36] 66.723 66:43.24| 124.007 124:00:28
14 14:00:00[12.60 12:36:35} 73.113 73:06:48| 210.256 210:15:23
16 16:00:00{14.60 14,36:35] 53 420 53:25:12| 257.263 257:15:48

Figure 16. Sequence of times and dates using SunPath seftwar
c) Cylindrical solar chart

This interesting tool shows the cylindrical solaaa for a specific place and time. Superposing
an heliospheric picture of the studied point ondikndrical solar chart, an useful tool for the
analysis of obstacles is obtained. In Fig.17 tHarschart generated by the software for Vista
Alegre square for 2013 is shown.

Sunpath Through the Sky For Cordoba, Espafla  LaT: pa7:53.05
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Figure 17: Cylindrical solar chart of Cordoba using SunPsdfiware
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d) Solstices and equinoxes determination

Choosing the year and the localization, SunPathtesean .ascii file with the dates of the
solstices and equinoxes in Local and GMT times.\Feta Alegre square, in Cordoba, and for
the year 2013, the results are shown in Fig.18.

FOR: Cordoba, Espafa
LATITUDE = 037°53'05"LONGITUDE = 004 46'44°
TIME ZONE = 23 OR GMT+01:00

FOR YEAR 2013 THE EQUINOXES AND SOLSTICES OCCUR AS FOLLOWS:

MAR EQUINOX  JUN SOLSTICE SEPEQUINOX DEC SOLSTICE
DAY HR MM SEC DAY HR MM SEC DAY HR MN SEC DAY HR MN SEC
20110318 21 05:05:12 222004528 21 1712:40 UT or GMT &
19120318 2006:05:12 21 21:4538 20 18:12:40 LOCAL TIME

LOCAL TIME IS LOCAL STANDARD TIME IN THIS TIME ZONE

TO DO SUNPATH CALCULATIONS FOR OME OR MORE OF THESE DATES,
WRITE DOWN THE DATES AND TIMES OF INTEREST AND THEN RUN
OPTION 2 FROM THE MAIN MENL.

Figure 18 Determination of the solstices and equinoxesdndGba using SunPath software

e) Sunrise and sunset times and day length

Selecting a specific day of the year or an inteofdime, the program shows the Civil and Solar
times of the sunrise and sunset in an .ascii &iteJ calculates the day length. In Fig.19 this
information is shown for Vista Alegre square, inr@aba, for the 8 of July 2013.

SUNRISE AND SUNSET TIMES USING PROGRAM SUNPATH

FOR: Cordoba, Espafia RUN DATE: 03-23-2013 19:33:55

LATITUDE = 037°53'05°LONGITUDE = 004"46'44"

TIME ZONE = GMT+01:00"

DATE SELECTED FOR THIS CALCULATION: MONTH: 3 DAY: 21 JUL DAY= 80 YEAR 2013
*MOTE: FOR THIS DATA

TIMES GIVEN ARE IN DECIMAL HOURS PAST MIDNIGHT

= SUN RISE TIME 1S AT 8:19:36 DAYLIGHT SAVING TIME *****

ICIVIL CIVIL [SOLAR SOLAR |SOLAR ALTITUDE |SOLAR AZIMUTH
MO DA JULIHOUR HR:MISEHOUR HR:MI:SE|DEGREE DEG:MISE|DEGREE DEG:MISE
321 80| 832 8:19.356|5.893 5:53:35)-2675 -0:16:03| 88.4532 88B.27T:1

***** SUM SET TIME 1S AT 20:32:54 DAYLIGHT SAVING TIME ***=*

|CIVIL CIVIL |SOLAR SOLAR |SOLAR ALTITUDE |SOLAR AZIMUTH
MO DA JULJHOUR HR:MI:SEIHOUR HR:MI:SE|DEGREE DEG:MISE|DEGREE DEGMISE
321 BO| 20.5 20:32:54[18.11 18:07:02|-. 26750 -0:16:03] 271.801 271:48:05

rhmaeist DAY LENGTH IS 12.2216237543019 HOURS OR 12:13:47 womemeee=

Figure 19 Sunrise and sunset in Cordoba 8rp6July 2013 using SunPath software
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f) Date and time for a selected solar position

With this tool, dates and times along the year hictv the sun presents a selected position are
calculated. It is important to remark that SunRatars the possibility for choosing the number
of iterations and the maximum allowed error. In.Eiythis information is shown for Vista
Alegre square in Cordoba, for the year 2013, ar sdtdude of 45 and a solar azimuth of 130

SUMNPATH TIMEFIND RESULTS FOR

LATITUDE: 037°53'05" LONGITUDE: 004°46'44"

SELECTED SOLAR ALTITUDE ANGLE: 45 DEGREES
SELECTED SOLAR AZIMUTH ANGLE: 130 DEGREES
MAXIMLUIM ALLOWED ANGULAR ERROR = 1 DEG
SEARCHING EACH DAY OF THE YEAR FOR COINCIDENCES
JULIAN LOCAL SOLAR DEGREES

DATE MO DAY TIME TIME ALTITUDE AZIMUTH N

092 04 02- 1311 0949 4507 13001 OF

254 09 11- 1305 0549 4507 13001 07

FOUND AT LEAST ONE TIME MATCHING THE CONDITIONS
M ABOVE IS THE NUMBER OF ITERATIONS TO FIND RESULT

Figure 20. Date and time for a solar altitude of 45° andusakimuth of 130° in Cordoba

g) Continuous readout of solar position

SunPath synchronises itself with the computer cknaok shows in a dynamic way, in real time,
the sun position by its solar altitude and azimuth.

4.2.2 Heliodon Software

There are several softwares for daylighting andistva analysis in urban environments. One of
them is Heliodon software, developed by Benoit Besland Luc Masset. The simple interface
and representation of its results, provides a usgful application for calculating solar radiation
on buildings. Exporting the three-dimensional martelted in SketchUp to a .stl file, the urban
model can be imported directly to Heliodon.

The workspace is divided in three windows, whicloves the floor of the studied area, its
perspective and the projection of the urban maaehfa particular selected point. This program
allows choosing between three different projectietsreographic, equivalent and orthographic.
The most useful one is the stereographic projedienause it shows the obstacles viewed from
the studied point and the sun trajectories fonglsiday.

Introducing the data for Vista Alegre square in d&ya, shown in Table.5, and importing the
urban model created in SketchUp, the workspacespteshe aspect of Fig.21.
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Table 5 Configuration of the studied area in Heliodontaafe

Options for Cordoba Data input

Latitude 37° 53N

Longitude 4° 46° W

Altitude of Vista Alegre square 107 meters

Horary zone GMT + 1:00

DST offset +1:00 h

DST start Last Sunday of March

DST stop Last Sunday of October
f‘ M;de!w :e:iwdag:eh:dw; Vn HEA:OS(O‘N 2.7-02 © 2003-2010 Benoit Beckers & Luc Masset |
D@ HE @ ne oEd®E|: |9 «u @ Ssddd| e | H ~7d &85 AN

. St A
-

S Sunise at 0500
21-Sep/21-Mar 07:13 5T Sunset at 1800

B T

2300 241m 1200 || one || oo sooim = Storeograpnio] | nomel

Figure 21: Urban model in Heliodon software. View of the Wwspace

In Fig.21 a point situated in the axis of the fagddin with a height over the ground of 12

meters for the spring equinox and solar time 07Tsl&presented. As it can be seen in Fig.21
shadows are represented in floor and in perspedtigeng the stereographic solar chart, an
obstacle study can be easily made for the selgxdied, in Fig.21 in red color, as follows.

a) Obstacles study for the selected point

For the data input of the selected point (Tablark) for the spring equinox, the results shown in
Fig.22 are:

+ Directirradiance starts at 6:28 solar time
+ Direct irradiance finishes at 10:58 solar time
e The temporary interval with direct irradiance ibagurs and 30 minutes
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Cordoba (37° 53" M)
Altitude: 107 m

(106° 20

5 Sunrise at 06:00
21-Sep/21-Mar 0743 T Sunset at 18:00

Figure 22 Stereographic solar chart for the selected pmir@ £' of March

In addition, stereographic solar chart shows thatrieighborhood building which shades the
selected point is the pale green one in Fig.22.

However, the most important application of Heliodoonsists on the analysis of the solar
radiation exploitation on a plane element. For dainthe program has two tools.

b) Vertical and Horizontal Mesh

Using this tool a vertical or horizontal mesh canittroduced in the urban model. The mesh
can be configured changing its dimensions andeight over the ground. The mesh is formed
by triangles and its amount represents the resoluti the mesh. Increasing the amount of
triangles in the mesh, the results obtained willnmre accurate. Heliodon shows estimations
for the solar irradiance available without obstacleolar irradiance received, solar energy
available without obstacles, solar energy receiyeetcentage of lighted surface and solar
irradiance losses. It is important to remark thaimgi this tool the results are referred to the two
faces of the mesh.

c) Solar Panel

This tool is similar to the mesh but with two dif@ces. In this case, besides choosing the
dimensions, it is possible to change the azimutglearof the panel and its slope. The
magnitudes obtained are the same as using the imgstvjth the solar panel, they are referred
to only one of its faces.

d) Case studied. Solar panel on a facade of the umoaie!

For the study of this case, a solar panel is intced on the facade 1 in Fig.23 of the urban
environment of Vista Alegre square. Its data inpelkongs to the city of Cordoba, shown in
Table.5. The slope of the panel is’@hd the azimuth angle is §3he same as the fagade. The
facade selected is shown in Fig.23 having a su6&d€00.29 rh
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Surface 1000,29 m?
facade 1

kel VL

Figure 23 Dimensibﬁs of the facade 1

In order to get accurate estimations, the resaiubiothe solar panel is 90384 triangles, having
each one an edge length of 0.16 m. For the smmgnox the results are shown in the
following epigraphs.

Solar irradiance

For the fagade 1, in Fig.24, the solar irradiareived is shown in blue. The irradiance starts
at 6:00 solar time and finishes at 11:12 solar timd-ig.24 the orange area represents the part
of irradiance not received due to the shadows mrediby the neighboring buildings. The
maximum value for irradiance is reached at 8:23arstiine, being 372.10 KW.

Solar radiance (21-Mar)
400 —

350 [P

aop [RERREREEREE R ..... 000 SO O DO B O .....
% 200 [ E - ...... ..... ...... ..... .....

150 e ..... ..... .....

100 I ..... ..... .....

a0 - .....

o1 2 3 4 & B 7 8 2 10 11 1213 14 15 16 17 18 19 20 21 22 23 24

Figure 24: Solar irradiance on 2%f March on the facade 1
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Solar radiation

The accumulated energy during the whole day is B¥%EBwh, having the losses by the
shadows produced by the obstacles a value of ZMBR It can be observed in Fig.25.

Curnulated solar energy (21-Mar)
1200 ——

1000 [FRRREREEEEEER .....

800

kivh

EDD = .
g = ..... f

P00 B

o1 2 3 4 5 B 7 8 9 10 11 1213 14 15 16 17 18 19 20 21 22 23 24

Figure 25: Daily solar radiation on 2of March on the facade 1

Percentage of lighted surface

After the sunrise, the facade starts to be lightethg the 100% of the surface at 8:00 solar
time. After 11:00 the facade is completely shaded ean be seen in Fig.26.

100

Lighted surface ratio (21-Mar)

90
80
70

[=in]

40

30

o1 2 3 4 5 B 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 26: Percentage of lighted surface ori'®2f March on the fagade 1
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Solar irradiance losses

In Fig.27, the moment in which the losses occur tuthe shadows produced by the neighbor
buildings is shown. This information is complementi® the results obtained in Fig.24 where it
can be observed that the losses of irradiance happewveen 6:00 and 7:00 solar time. It
maximum value is 35.79 kW and it is reached at 6&ar time.

Loss of solar radiance (21-Mar)

g 9 10 11 12 13 14 15 16 17 168 19 20 21 22 23 24

Figure 27: Losses of irradiance on 2of March on the facade 1

4.3 Creation of a toolbox engineering software for theanalysis of shadows,
irradiance and solar radiation on buildings

In this project a collection of functions has begeveloped for calculating instantaneous
shadows and irradiance, and daily radiant expodaregvery point of a facade in urban
environments. With this information, for a represgine period of time, flat owners could
estimate by their own, the best localization foe thanels and the expected electricity
production. Microsoft Excel is an easy softward tatlized by many people, so it represents a
good alternative for commercial software. For tieigson, the functions have been created using
Visual Basic language in an Excel environment. Taikection of functions represents an open
toolbox, so any interested user can check the andecould create new functions to complete
and increase the model.

4.3.1 Collection of Functions

In this epigraph, the functions created for thelysis the shadows, irradiance and daily solar
radiation on facades in urban environments areduoited. Other simpler functions have been
used and they belong to the SolarNet Collectioh.oAlthem are explained in the following
sections and their computing code is collectedhéAppendix A.
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a) Shadow Function

This function uses Julian day, latitude, selectsghdle, solar time and two parameters, which
indicate a point on the chosen facade. Each faisadepresented by a local reference system
with axisp and p. Their values belong to the interval (Owlijh a step of 0.1, as it is shown in
Fig.28. It means that there are 121 studied paingsich facade.

1

0,9 —

08

0.7

06

= 05

04

0,3

02

0,1 —

0

0 01 02 03 04 05 06 07 08 09 1
P
Figure 28 Representation of the fagade by a grid

The value obtained with the Shadow Function willObi the point is shaded and 1 if not. For
calculating the state of the point, first of allig necessary to establish its Cartesian coormsnat
inside the global reference system of the urbairemwent. After that, the sun position will be
determined for the Julian day, latitude and soiae tselected.

At this point, the function will calculate the insections between the straight line going form
the sun to the point of study (sun-facade point) e planes that contain the neighbor facades
(Fig.29). To calculate the intersection point, ee¢hequations system must be solved, Fig.30,
and the values for a, b and c, Fig.30 will be deieed. The studied point will be shaded if “a”
is greater than cero and “b” and “c” belong toititerval (0-1).
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-
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< POINT STUDIED
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Figure 29: Representation of the geometric problem
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Figure 30. Equations system

If the function checks that one intersection paninside a facade of an adjacent building, it
will stop and its value will be 0, condition 1 ingE31. This response will be also 0, if the
selected solar time is before sunrise or afteretyesndition 2 in Fig.31. The last condition for
shading is that the normal vector of the exteraakfof the facade cannot form an obtuse angle
with the solar vector, condition 3 in Fig.31.

SHADOW SHapow . s
CONDITION 2 conNDImo
INTERSECTION
j POINT STUDIED

FACADE
STUDIED

~
~

SHADOW
CONDITION 3

Figure 31 Representation of the shading conditions

If none of these conditions happens, the outputevédr the Shadow Function will be 1 and the
studied point will be lighted.

b) Instantaneous Irradiance Function

The Instantaneous irradiance function is a routineated with the aim of estimating the
irradiance (W/ rf) in a particular point of the chosen facade andafgpecific solar time. The
data input of this function is the latitude, théaluday, the solar time, the paramefeendp of

the local reference system of the facade, the teglefacade, the global radiation on an
horizontal surface for the specific month and thmedo. This function uses the expression (5)
according to the model developed by Collares-Pa{éb].

S

[ =20p + 2 0q + 2% b+ 1d)  (5)

k.3 2 2
Where
7 : Normal vector of the external face of the facade

$ : Solar vector

k : Normal vector of the tangent plane of the studiede
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p : Albedo
Ib : Instantaneous direct irradiance on horizontal serfa

Id : Instantaneous diffuse irradiance on horizontalagef

The first term of the expression (Eq.5) represéimsdirect irradiance due to the sun on the
particular point. The second term corresponds eadiffuse component and the third one to the
reflected irradiance. Thus, as the direct compongrezero only in the case in which the
particular point of the facade is shaded, for tragpamming of the expression, the result of the
shadow function is used, being 0 if the point iaddd and 1 if it is lighted.

The expression (5) presents the problem that ®regtimation of the diffuse and the reflected

component, only the vectors andk are used. As a consequence, this expression gytioee
influence on the irradiance that the height of plment over the ground has. The experience
shows that a point situated on the highest paatfatade has much more irradiance that another
located on a lower place, because the first one sebigger celestial surface portion. To
simulate this effect, a routine called Sky View tead¢-unction has been created and the values
of the diffuse and reflected component will dependt (Eq.5).

c) Sky View Factor Function

In a completely shaded facade, the different paiatanot have the same level of irradiance.
This happens because the points with a greateat@devover the ground see a bigger part of the
surface celestial than the points with a lower &fien, which see more obstacles. As a
consequence, the higher points have a greater cmmpaof diffuse irradiance than the other
ones. The points situated in a lower height hawgremter reflected component due to the
neighbor facades. As the importance of the diftm®@ponent is bigger than the reflected one,
the result is that the points with greater elevatiave higher values of irradiance. To simulate
this phenomenon, the Sky View Factor (SVF) Funcigocreated.

/

\ e
STUDIED /é‘
‘. A

POINT

SEMI-SPHERE
RADIUS 1

A

Figure 32 Generation of the rays on the selected point
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This function generates 1012 rays in differentaioms (Fig.32), for each one of the 121 points
of the selected facade. Afterwards, it studiesfwh ray, if it intersects with the ground or with
an adjacent building, or if it has a celestial agef direction. The function counts the amount of
rays with sky direction and calculates the Sky Vieactor as the proportion of that amount and
the total of rays generated. This value and itspitementary are used for estimating in a more
real way, the diffuse and reflected component. €qusntly, the expression for the

Instantaneous Irradiance changes (Eq.6), usingkth&iew Factor.

S|
“y

I=2.1b+SVF.Id+ (1 —SVF).p.(Ib+1d)  (6)

=l
ty

Where SVF is the Sky View Factor.

This factor depends exclusively on the geometrhefurban environment introduced and on
the studied point, so it is constant along the time

d) Daily Solar Radiation Function

The daily solar radiation function estimates, facte particular point of the selected facade, the
accumulated energy (KWhfnfor a particular day of the year. This functidmows the most
important value, that a house owner must knowudysthe viability invest of a photovoltaic or
solar thermal installation, set on a piece of l@gafle. This routine uses the instantaneous
irradiance function, calculating its value each utes along the 24 hours of a day and
multiplying the value obtained for 0.1 hour, gaftithe energy for that interval. Afterwards, this
function adds the values of all intervals, in ortteobtain the energy for a whole day.

e) Other simpler functions

During the programming of the four functions intnged, others simpler routines have been
used with the objective of reducing the executiometof Excel. These simpler functions are
available in the SolarNet Collection for the intesl users. All of them are cited below.

Normal Function

This Function estimates the normal vector to thiereal face of the selected facade since the
global coordinates of three of its corners, intratl necessarily with a counterclockwise
direction. This routine has been created spedi§idal this software application for decreasing
the execution time.

Solar Vector Function
This function belongs to the SolarNet Collectioor & Julian day, solar time and latitude, this

function calculates the three components of thargmbsition vector. It has been used for the
analysis of shadows and instantaneous irradiance.
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Instantaneous direct radiation function

Its data input is Julian day, solar time, latitudel global radiation on horizontal surface. With
this information, this routine calculates the imééameous direct radiation on horizontal surface.
This function belongs to the SolarNet Collectionl &ras been utilized for the estimation of the
Instantaneous Irradiance.

Instantaneous diffuse radiation function

This routine estimates the value of the instantaselfiffuse radiation on horizontal surface for a
particular Julian day, solar time, latitude andbgloradiation on horizontal surface. This
function has been used for programming the insteaias irradiance function and belongs to
the SolarNet Collection.

Inverse matrix function

For a specific matrix, this routine calculates iitgerse matrix by the Gauss method. This
function has been utilized for solving the threauagpns system of the ray and facade
intersection problem that is needed to determiimatike Shadow Function and Sky View Factor
Function.

4.3.2 Data Input

For the introduction of the urban environment stddithe facades which form the different
buildings must be introduced. As a consequencecdnmgraphy of the studied area and the
height of the buildings must be known. Each onéheffagades must be introduced using the
global coordinates of three corners in counterchos& direction. That is quite important
because the normal vector of the facade must biéveom the direction of its external face.
The introduction of the global coordinates is madmg the available space of the worksheet of
Excel, having established a maximum of 100 facaddke programming. This limit can be
easily changed for the introduction of larger urkeamironments.

Any plane with any surface can be introduced ia #pplication. That is very useful in the case
in which the user wants to calculate the solaratamh on curve planes such as vaults or curve
facades. They can be approximated with severaktarganes.

Each one of the introduced facades is identifieith @inumber from 1 to 100. With its number,
the user could select the facade for its studying fast and easy way. The functions created,
will read the coordinates of the facades for olimgnhe results.

Once the urban model is introduced, the rest ofitita input is written using the corresponding
cells. The data input required is:
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e Julian day

e Latitude

e Solar time

¢ Facade selected

e Global radiation on horizontal surface
e Albedo

4.3.3 Data Output

The programmed functions, Shadow function, Sky Vi€actor function, Instantaneous
Irradiance function and Daily Solar Radiation fuostgive the results for a specific point of the
selected facade. To improve the data output, esgdde is shown as a two-dimension reference
system. Its axes are divided in ten parts, frora @ &and with a step of 0.1. As a consequence,
the selected table is represented in Excel by adiwension table with 121 points. For more
detailed results, the step can be easily changekiprogramming. For example, using a step of
0.05, the fagade would be represented by 441 points

In the worksheet in Excel, four control buttons mge the creation of the tables.
Pushing the respective button, the shadow table vekv factor table, instantaneous
irradiance table and daily solar radiation tabke generated.

4.3.4 Management of the results

Once the four tables are generated and with theahimmproving the comprehension of the
results, a contour map software is used. In thie ¢he software chosen is Surfer Software. Its
management is quite easy and fast for the creatidhis kind of maps. In addition, using a
picture of the selected facade, for example exd¢chfitom Google StreetView, both, the contour
map and the picture can be superposed, showingenyeclear way the results obtained.

4.3.5 Practical Case. Solar radiation contour map

In this epigraph, a practical case using the safvegplication which has been developed in
Visual Basic of Excel is introduced. In order toxguare the results obtained with the functions
created, with the results of SunPath software aelibHon software, the urban model will be
the same one, Vista Alegre neighborhood. The @ffebuildings are introduced in Excel by the
plane that each facade forms. Using the cartograpMjsta Alegre neighborhood in AutoCad,
a specific number is assigned to every facadehik way, the identification of each one is
simple and fast. Facades (3-6) and (12-14) in Bigré used for representing two curved planes
by an approximation.
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Y (SOUTH)

Figure 33 Cartography of the facades which form the urbaden

The thirty-six fagcades compounding the neighborh@od introduced in Excel using the
reserved cells and by their respective numbers. Xiig.34) are the coordinates of the three
corners of each facade, introduced in counter gigggk direction. The urban model data input is
shown in Fig.34.
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Figure 34: Introduction of the fagades in Excel

In Fig.35 the cells for the data input are showme Selected facade is the number one in Fig.33.
The study is made for March 2&nd for the latitude of Cordoba. The shadows ted
instantaneous irradiance are studied at 6:24 solarof that day. The value of the albedo is 0.2
by default.

80 37.88 5.6 1 14158000 0.2

Figure 35: Introduction of the data in Excel

Once the data input is selected, using the cobtrtibns, the tables associated to the results of
each function are generated. Every table repredbatstudy facade by 121 points in its local
reference system. In Fig.36 the local referenceesysor the facade 1 is shown.
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Figure 36. Local reference syste and grid for the facade 1

Pushing the Sky View Factor Function button, theults of this function for the 121 points
the facade is generated in ExcFig.37). The points situated in the higher parts of figade
have a greater sky view factor. lieans that the diffuse component of the solar iarcb i<
bigger for these points because they see a laagdop of sky than the rest. The values in-
table are constant along the year, since the S\&gisometric parameter that does not de|
on the time.

SKY VIEW FACTOR FUNCTION

1 0,497 0,500 0,500 0,500 0,500 0,500 0,500 0,500 0,500 0,500 0,499
09 0,455 0,479 0,478 0.477 0,478 0,477 0.477 0,476 0,477 0,477 0,476
08 0,437 0,459 0,458 0,459 0,458 0,459 0,457 0,457 0,458 0,457 0,458
07 0,418 0,439 0,438 0,438 0,439 0,439 0,436 0,437 0,440 0,441 0.442
06 0,399 0,419 0,417 0,419 0,417 0,419 0,420 0,420 0,426 0,424 0,427
05 0,384 0,405 0,403 0,406 0,402 0,405 0,401 0,403 0,410 0,409 0,412
04 0,366 0,385 0,384 0,389 0,387 0,390 0,386 0,390 0,395 0,393 0,398
03 0,341 0,360 0,361 0,364 0,363 0,366 0,367 0,37 0,379 0,378 0,383
02 0,324 0,345 0,343 0,346 0,347 0,349 0,347 0,353 0,361 0,361 0,368
01 0,304 0,327 0,326 0,331 0,331 0,338 0.3% 0,342 0,352 0,350 0,355

0 0,295 0,308 0,307 0,311 0,308 0,318 0,316 0324 0,334 0,333 0,343

0 01 02 03 04 05 06 07 08 049 1

Figure 37: Sky View Factor for the fagcade 1

In Fig.38 the results for the Shadow function are shovem.tke solar time selected, this ta
shows the points that are shaded (0) or lighted AL)%:24 solar time, there are two shai
regiors and one lighted. The neighbor buildings produtadews in the lateral parts of t
selected fagade and only the central portion aeghtints with a greater height are ligh
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SHADOW FUNCTION
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Figure 38 Shadows for the facade 1

The result of the Instantaneous Irradiance funcéibf:24 solar time for the facade 1 is shown
in Fig.39. The results obtained for every point expressed in W/fnand they depend on the
Sky View Factor Function values (Fig.37). It is ionfant to mention that the points situated in
the lighted region (Fig.38) do not have a constahie of irradiance. This also happens for the
two shaded regions and it is due to the Sky Vieatdtawhich provides different values for the
diffuse and reflected component of the irradiance.

INSTANTANEQUS IRRADIANCE FUNCTION (Wim2)

1 54,86 5494 5494 54,94 54,94 54,94 5494 54,94 54,94 54,94 54,92
09 53.67 5436 5434 5431 54,34 54,31 5431 5428 5431 54,31 5428
08 5317 5381 5378 5381 5378 5361 5373 5373 20,63 20,58 20,63
07 52 65 5323 53.20 53.20 5323 5323 5315 20,03 20,11 20,14 2016
06 18,98 1953 1947 52 68 52 52 52 68 19.56 19,56 19,72 19,67 1975
05 18.56 1914 19,09 5232 52,21 52 29 19,03 19,09 19,28 19.25 19,34
04 18,04 1859 18,56 51,85 51,79 5187 18,62 18,73 18,87 18.81 18,95
03 17,34 17,87 17,90 5113 51,10 5118 18,06 18,17 1842 1840 18.53
02 16,67 17,45 17,40 50,63 50,66 50,71 17,51 17.68 17.90 17.90 18,09
0.1 16.32 16.96 16.93 50,22 50,22 50,41 1721 17.37 17.65 17.59 1773
0 16,07 1643 16.40 49 66 49 58 49 86 16,65 16,87 17.15 17,12 1740
0 0.1 0.2 03 0.4 05 06 07 08 0.9 1

Figure 39 Instantaneous irradiance for the facade 1

The last table is the Daily Radiation Function ¢af#tig.40). For every point of the facade 1, the
solar radiation along the day2af March is calculated. The results are shown Wi’ and
they are estimated with a precision of 6 minutdge Influence of the sky view factor is also
important on the solar radiation since it directgpends on the irradiance.

DAILY RADIATION FUNCTION (KWh/m2)

1 1,59 1.60 1.60 1.60 1.60 1.60 1.60 1,59 1,59 1,59 1,59
0.8 148 1.54 1.54 1.54 1.54 1.54 1.54 1,63 1,83 1,83 153
0.8 143 149 149 149 1.49 1.49 1.48 1.48 1.48 147 148
0.7 1,38 143 144 144 1,44 143 142 142 142 143 1,43
06 1,33 138 138 1.39 1,38 1,38 138 138 1,38 137 1,38
0.5 129 1.34 1.34 1.36 1.34 1.35 1.33 1.33 1.34 132 133
04 123 1.29 1.29 1.31 1.31 1.31 1.29 1.29 1.30 1.28 1,29
0.3 147 1.22 1.22 1.24 1,24 1,25 1.24 1.24 1,26 1.24 123
0.2 112 147 147 1.19 1.20 1.20 119 119 121 1.20 1,19
01 1,06 1,12 1,12 114 +145 1,18 1,16 1,16 1,18 1,16 1,16

] 1.03 1.07 1.07 1.09 1.09 12 1.1 $512 1,13 1,12 1,13

] 01 02 03 04 05 0.6 0.7 0.8 0.9 1

Figure 40: Daily solar radiation for the facade 1

The results of the Daily Radiation Function Takd® de set in columns and exported to Surfer
software. Using this program, the daily solar radracontour map for the fagade 1 and for the
day 2f' of March is created and shown in Fig.41. In thispmthe mayor and minor contour
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lines show the pots of the facade with equal solar radiation. Thes-red color scale display
the value of the solar radiation on every regiotheffacade 1

]
H KWh/m?
09
1,58
08 1,54
1,5
07 1,46
1,42
0,6 1,38
1,34
0,5 1,3
1,26
0.4 1,22
1,18
03 1,14
1,1
02 1,06
1,02
0,1
0
0 0,1 02 03 04 0,5 06 07 08 09 1

P
Figure 41 Daily solar radiation contour map for the fagcd

However, the axes of the contour map dc have the same proportion than the facade 1,

does not represent an intuitive tool. In ordermpriove the visualization of the outcome,

contour map is adapted to a picture of the facaddthined from Google StreetVieFig.42).
This solar raghtion contour map is also interesting for the gtofl shadows. Horizontal line
represent homogenous shadows caused by an unimgoebuilding. When the contour lin
ascend, the time that this part of the facade lka®s Ishaded is greater than withe contour
lines descend.

u 1 KWh/m?
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P
Figure 42 Superposition of the contour map and the pictiittae facade
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For the studied case, the analysis of the veréindl horizontal gradient of the solar radiatio
possible by the study of two profileFig.43). For a vertical profile=0.6, the result shows th
the daily radiation keeps a lineal variation, sogtadient is constanrFig.44). For a horizonte
profile u=0.5, the graphic generateFig.45) shows that its gradient is quite variable.s
phenomenoris due to the fact that the shadows on the facadeelproduced by differe
buildings.

Vertical Profile
p=0.6

Horizontal Profile
u=0.5

Figure 43 Tracing of the vertical and horizontal profiles the contour map of the facac

E s Vertical Profile p=0.6
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Figure 44: Representation of the vertical profie= 0.6
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Figure 45 Representation of the horizontal profile u =
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5 COMPARISON OF RESULTS AND DISCUSSION

After having shown the results of the shadows,diemace and radiation, which have bt
estimated by the functions developed in Visual 8dsnguage, the aim this epigraph is t
know the differences between them and the resbtered with the Heliodon softwa

For this reason, the irradiance on the facadFig.33) of the urban model on * of March, is
estimated using the Heliodon software and thediance Function developed in Visual Bs
language. The values of the Irradiance Functioreleen calculated by the arithmetic mea
the 121 points of the facade. In order to obtaioueate curves, the irradiance has t
estimated every 15 minutesr both, Heliodon software and Irradiance Functibhe curves
generated are shown in H§.

E 400 —

E,' Heliodon Software

E 350 —

T ] 21-March
= Facade 1

300 —
250 —i
200 — Irradiance Function

150 —

100 —

50 —

Solar Time (hours)
Figure 46: Comparison of the irradiance obtained with Hatiménd the Irradiance Funct

There are two main differences between the cureggspondingo the Heliodon software ar
the Irradiance function:

« For the fagade 1, Heliodon estimates that theiaraxt is different to zero only betwe
6:00 and 11:00 and that means that the facadampletely shaded the rest of the tir
However, the Irradiare Function shows that there is irradiance betwe®0 @nd
18:00. This difference is due to the fact that fgsical model of Heliodon on
considers the direct component of the irradiandajeathe Irradiance Function al
considers the values of thiffuse and reflected components. The physical modet
by the Irradiance Function is the Colle-Pereira model which offers results that
closer to the reality.
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e For the facade 1, Heliodon obtains the maximum evaifithe irradiance at 8:00.
value is 375 kW while for the Irradiance Function thimximum is 230 kW. Thi
difference is due to the fact that Heliodon usesaple physical model only based
the estim#on of the direct irradianc the zenithal angle, the atmospheric pressure
the altitude of the selected point. This model does umet the gloal radiation on
horizontal surfacén the studied area and neither the effect of tbeds. The Irradianc
Function, based on the Colla-Pereira model, offers more realistic res

SUNRISE AND SUNSET TIMES USING PROGRAM SUNPATH

FOR: Cordoba. Espafia RUN DATE: 06-21-2013 10:49:27

LATITUDE = 037°53'05"LONGITUDE = 004°46'34°

TIME ZONE = GMT+01:00"

DATE SELECTED FOR THIS CALCULATION: MONTH: 3 DAY: 21 JUL DAY= 80 YEAR 2013
*MOTE: FOR THIS DATA

TIMES GIVEN ARE IN DECIMAL HOURS PAST MIDNIGHT

""" SUN RISE TIME 1S AT 8:19:36 DAYLIGHT SAVING TIME =***

[CIVIL CIVIL [SOLAR SOLAR |[SOLAR ALTITUDE |SOLAR AZIMUTH
MO DA JULIHOUR HR:MI:SE|HOUR HR:MISE|DEGREE DEG:MI:SE|DEGREE DEGMISE
321 80| B.32 819365893 5/53.35]-.2675 -0:16:03| 88,4532 882711

Figure 47 Sunrise on Z1of March in Cordoba

Using the SunPath software, the sunrise ¢ of March for the studied urban model can
estimated in a very precise way. The sunrise happen:53:35 solar timeFig.47). This also
represents another diffence in the quality of the results obtained bylidden and the
Irradiance Function, since as it can be seeFig.46, the Irradiance Function shows a sur
more accurate than Heliod

In Fig.48 the daily solar radiation on the facade 1, > of every month of the year estimat
by Heliodon and the Daily Radiation Function iswho As it can be seen, only in May 1
value of the radiation is greater using HeliodontHe rest of the months, the Daily Radiai
Function offers greater values. 's fact happens because during the spring, the ambtours
in a day with sun increases. As the maximum valugradiance obtained with Heliodon

much greater than the Irradiance Function oneatitemulated energy on*® of May is bigger
with Heliodon. This influence of the maximum irradiance #relamount of hours of sun can
easily appreciated in F¢8 where the results using both physical modedssamilar during the
spring. The contrary effect occurs during the sumamel autumn when themount of hours o
sun is decreasing.
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Daily Solar Radiation (kWh) B Heliodon

Facade 1
2500 M Daily Radiation

Function

3000

2000
1500
1000

500

21st 21st 21st 21st 21st 21st 21st 21st 21st 21st 21st  21st
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 48 Comparison of the daily solar radiation obtaimeth Heliodon and with the Daily
Radiation Function

Although using the Heliodon software, the maximuatue of irradiance is greater than using
the Irradiance Function, the accumulated energy igeneral bigger for the Daily Radiation
Function. This fact is due to the considerationthed diffuse and reflected irradiance in the
software application developed in Visual Basic lzame based on the Collares-Pereira model.
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6 CONCLUSIONS

In this project an open software for the analy$isistantaneous shadows, irradiance and daily
solar radiation in urban environments has beenldped. Using this application, it is possible
to study the best places of the urban elementb, @&sifacades or roofs, to set a photovoltaic or a
solar thermal installation. This software represean useful tool to implant electricity
generation systems in the context of the distridbutenewable energies. The most relevant
conclusions can be summarized as follows:

The functions created using Visual Basic langupgavide an easy way of studying the
solar radiation in urban environments.

e The introduction of the urban model is fast, usindy 3 corners of each facade, and the
output data management allows the creation of satiiation contour maps on facades
in a very fast way.

* The results obtained using the functions createdvslery accurate data since they are
based on the physical model of Collares-Pereirg {#hich uses the global radiation on
horizontal surface and takes into account the gidéifuse and reflected irradiance.

* The effect of the obstacles in the reflected arftlsk irradiance by the Sky View
Factor allows obtaining values of irradiance andrs@diation more accuracy.

* The daily solar radiation contour maps on facadesvaknowing in a very accurate
way, the most appropriate points to set photowoltar solar thermal systems.
Furthermore others applications such as the stdidiaglighting inside rooms or the
effect of the neighbor buildings in the solar righte possible.

« The functions created, represent an open toolbdtwaie. Interested users could
modify the computing code to adapt and use theostiipes for the resolution of others
problems of solar radiation and daylighting.
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APPENDIXES

APPENDIX A. Computing code of the functions and thesubroutines

SHADOW FUNCTION

The data input of this function is:

e Latitude, in sexagesimal degrees

e Julian day

e Solar time in hours, from -12 to 12, being 0 atmoo

» Coordinatep and p of the local reference system of the saldeigade
e Selected facade, by its associate number

¢ Number of fagades compounding the urban model

Its data output is “0” if the point of the facadeshaded and “1” if it is lighted. The computing

code is shown below:

Function sombra(latitud, dia_juliano, hsolar, ro, mu, fachadaestudio, nparamentos, x1(), y1(), z1(), x2(),
y2(), z2(), x3(), y3(), z3())

Dim matriz_coeficientes(3, 3), terminos_independientes(3), matriz_inversa(3, 3), vector_sombreado(100)

Xest = x1(fachadaestudio) + ro * (x2(fachadaestudio) - x1(fachadaestudio)) + mu * (x3(fachadaestudio) -
x2(fachadaestudio))
Yest = y1(fachadaestudio) + ro * (y2(fachadaestudio) - y1(fachadaestudio)) + mu * (y3(fachadaestudio) -
y2(fachadaestudio))
Zest = z1(fachadaestudio) + ro * (z2(fachadaestudio) - z1(fachadaestudio)) + mu * (z3(fachadaestudio) -
z2(fachadaestudio))

producto =1

Z=0

fin=0

Call normal(fachadaestudio, nx, ny, nz)
sx = vsolarx(dia_juliano, hsolar, latitud)
sy = vsolary(dia_juliano, hsolar, latitud)
sz = vsolarz(dia_juliano, hsolar, latitud)
escalar ns=nx*sx+ny*sy +nz*sz

If (escalar_ns < 0) Or (sz <0) Then
fin=1
producto =0
End If
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While ((Z < nparamentos) And (fin = 0))

Z=7Z+1

If (Z <> fachadaestudio) Then
matriz_coeficientes(1, 1) = sx
matriz_coeficientes(2, 1) = sy
matriz_coeficientes(3, 1) = sz
matriz_coeficientes(l, 2) = -(x2(2) - x1(2))
matriz_coeficientes(2, 2) = -(y2(2) - y1(2))
matriz_coeficientes(3, 2) = -(z2(2) - z1(2))
matriz_coeficientes(l, 3) = -(x3(2) - x2(2))
matriz_coeficientes(2, 3) = -(y3(2) - y2(2))
matriz_coeficientes(3, 3) = -(z3(2) - z2(2))

terminos_independientes(1) = x1(Z) - Xest
terminos_independientes(2) = y1(Z) - Yest
terminos_independientes(3) = z1(Z) - Zest

Call INVMATRIZ(3, matriz_coeficientes, matriz_inversa, DET, NOINVERTIBLE)

If NOINVERTIBLE = 0 Then
parametro_a = matriz_inversa(l, 1) * terminos_independientes(1) + matriz_inversa(l, 2) *
terminos_independientes(2) + matriz_inversa(1, 3) * terminos_independientes(3)
parametro_b = matriz_inversa(2, 1) * terminos_independientes(1) + matriz_inversa(2, 2) *
terminos_independientes(2) + matriz_inversa(2, 3) * terminos_independientes(3)
parametro_c = matriz_inversa(3, 1) * terminos_independientes(1) + matriz_inversa(3, 2) *
terminos_independientes(2) + matriz_inversa(3, 3) * terminos_independientes(3)

If ((parametro_a > 0) And ((parametro_b > 0) And (parametro_b < 1)) And ((parametro_c > 0)
And (parametro_c < 1))) Then
vector_sombreado(Z) =0

fin=1
Else
vector_sombreado(Z) = 1
End If
Else
vector_sombreado(Z) = 1
End If
End If
Wend

For i =1 To nparamentos
If i <> fachadaestudio Then
producto = producto * vector_sombreado(i)
End If
Next i

sombra = producto

End Function
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SHADOW TABLE SUBROUTINE

This subroutine is associated to the control buttbith generates the Shadow Table and makes

use of the Shadow Function. The computing codeds/e below.

Sub tablaSombras()

dia__juliano = Cells(11, 40).Value
latitud__ = Cells(11, 41).Value
hor_sol = Cells(11, 42).Value
param_ = Cells(11, 43).Value
radiacion_ = Cells(11, 44).Value
albedo_ = Cells(11, 45).Value

Dim x1(100), y1(100), z1(100), x2(100), y2(100), z2(100), x3(100), y3(100), z3(100)
nparamentos = 0

Fori=1To 100

x1(i) = Cells(18 + i, 5).Value
y1(i) = Cells(18 + i, 6).Value
z1(i) = Cells(18 + i, 7).Value
x2(i) = Cells(18 + i, 8).Value
y2(i) = Cells(18 + i, 9).Value
z2(i) = Cells(18 + i, 10).Value
x3(i) = Cells(18 + i, 11).Value
y3(i) = Cells(18 + i, 12).Value
z3(i) = Cells(18 + i, 13).Value

If (x1(i)) <> 0 Or y1(i) <> 0 Or z1(i) <> 0 Or x2(i) <> 0 Or y2(i) <> 0 Or z2(i) <> 0 Or x3(i) <> 0 Or y3(i)
<> 0 Or z3(i) <> 0) Then
nparamentos = nparamentos +1
End If
Next i

Fork=0To 10 Step 1
Forp=0To 10 Step 1
Cells(22 - p, 25).Value = p /10
Cells(23, 26 + k).Value =k / 10
Cells(22 - p, 26 + k).Value = sombra(latitud__, dia__juliano, hor_sol, k/ 10, p/ 10, param_,
nparamentos, x1(), y1(), z1(), x2(), y2(), z2(), x3(), y3(), z3())
Next p
Next k

End Sub
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SKY VIEW FACTOR TABLE SUBROUTINE

This subroutine is associated to the control butthith generates the Sky View Factor Table.

Its data input is:

« Latitude in sexagesimal degrees

e Selected facade, by its associated number

Its data output is the value of the Sky View Fa&borevery point of the facade selected. This
factor does not have units and its value belongleadnterval (0-0.5). The computing code is

shown below:

Sub tablafactorvisiondecielo()

latitud__ = Cells(11, 41).Value
fachadaestudio = Cells(11, 43).Value

Dim x1(100), y1(100), z1(100), x2(100), y2(100), z2(100), x3(100), y3(100), z3(100)
Dim matriz_coeficientes(3, 3), terminos_independientes(3), matriz_inversa(3, 3)
nparamentos = 0

Fori=1To 100

x1(i) = Cells(18 + i, 5).Value
y1(i) = Cells(18 + i, 6).Value
z1(i) = Cells(18 + i, 7).Value
x2(i) = Cells(18 + i, 8).Value
y2(i) = Cells(18 + i, 9).Value
z2(i) = Cells(18 + i, 10).Value
x3(i) = Cells(18 +i, 11).Value
y3(i) = Cells(18 + i, 12).Value
z3(i) = Cells(18 + i, 13).Value

If (x1(i) <> 0 Or y1(i) <> 0 Or z1(i) <> 0 Or x2(i) <> 0 Or y2(i) <> 0 Or z2(i) <> 0 Or x3(i) <> 0 Or y3(i)
<> 0 Or z3(i) <> 0) Then
nparamentos = nparamentos + 1
End If
Next i

Fork=0To 10 Step 1
Forp=0To 10 Step 1
PASO = 0.056
NPUNTOSX = Int(1 / PASO) + 1
cuenta=0
mu=p/10:ro=k/10
Xest = x1(fachadaestudio) + ro * (x2(fachadaestudio) - x1(fachadaestudio)) + mu *
(x3(fachadaestudio) - x2(fachadaestudio))
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Yest = y1(fachadaestudio) + ro * (y2(fachadaestudio) - y1(fachadaestudio)) + mu *
(y3(fachadaestudio) - y2(fachadaestudio))

Zest = z1(fachadaestudio) + ro * (z2(fachadaestudio) - z1(fachadaestudio)) + mu *
(z3(fachadaestudio) - z2(fachadaestudio))

Call normal(fachadaestudio, nx, ny, nz)

hx=-ny/(nx"2+ny”~2)~0.5

hy =nx/(nx"2+ny~2)70.5

hz=0

VX =ny*hz-nz*hy

vy =nz * hx - nx * hz

vz = nx * hy - ny * hx

totalpuntos = 0

Fori=-NPUNTOSX To NPUNTOSX
For j = -NPUNTOSX To NPUNTOSX
X =i*PASO + 0.5 * PASO
Y =j*PASO + 0.5 * PASO
If(X"2+Y"2)<1Then
Z=(1-X"2-Y"2)"0.5
dx=X*hx+Y*VX+Z*nx
dy=X*hy+Y*vy+Z*ny
dz=X*hz+Y*vz+Z*nz
puntodedifusa =1
fin=0
If dz <0 Then
puntodedifusa = 0
fin=1
End If
PZ=0
While ((PZ < nparamentos) And (fin = 0))
PZ=PZ+1
If (PZ <> fachadaestudio) Then
matriz_coeficientes(1, 1) = dx
matriz_coeficientes(2, 1) = dy
matriz_coeficientes(3, 1) = dz
matriz_coeficientes(1, 2) = -(x2(PZ) - x1(PZz))
matriz_coeficientes(2, 2) = -(y2(PZ) - y1(PZ))
matriz_coeficientes(3, 2) = -(z2(PZ2) - z1(PZ))
matriz_coeficientes(1, 3) = -(x3(PZ) - x2(Pz))
matriz_coeficientes(2, 3) = -(y3(PZ) - y2(PZ))
matriz_coeficientes(3, 3) = -(z3(PZ) - z2(PZz))
terminos_independientes(1) = x1(PZ) - Xest
terminos_independientes(2) = y1(PZ) - Yest
terminos_independientes(3) = z1(PZ) - Zest

Call INVMATRIZ(3, matriz_coeficientes, matriz_inversa, DET,

NOINVERTIBLE)

If NOINVERTIBLE = 0 Then
parametro_a = matriz_inversa(l, 1) * terminos_independientes(1)
+ matriz_inversa(l, 2) * terminos_independientes(2) +
matriz_inversa(1, 3) * terminos_independientes(3)
parametro_b = matriz_inversa(2, 1) * terminos_independientes(1)
+ matriz_inversa(2, 2) * terminos_independientes(2) +
matriz_inversa(2, 3) * terminos_independientes(3)
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parametro_c = matriz_inversa(3, 1) * terminos_independientes(1)
+ matriz_inversa(3, 2) * terminos_independientes(2) +
matriz_inversa(3, 3) * terminos_independientes(3)

If ((parametro_a > 0) And ((parametro_b > 0) And (parametro_b
< 1)) And ((parametro_c > 0) And (parametro_c < 1))) Then
puntodedifusa =0

fin=1
End If
End If
End If
Wend
totalpuntos = totalpuntos + puntodedifusa
End If
Next j

Next i

Cells(122 - p, 25).Value =p /10
Cells(123, 26 + k).Value =k / 10
Cells(122 - p, 26 + k).Value = totalpuntos / 1012
Next p
Next k

End Sub
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INSTANTANEOUS IRRADIANCE FUNCTION

This function uses as data input:

e Latitude in sexagesimal degrees

e Julian day

e Solar time in hours, from -12 to 12, being 0 atmoo

¢ Coordinatep and p of the local reference system of the selected fagcade
e Selected facade, by its associate number

¢ Global radiation on horizontal surface in Joules

*  Number of fagcades compounding the urban model

e Sky View Factor

e Albedo, in so much per one

lts data output is the instantaneous irradianc@/im? for every point of the selected facade.
This function makes use of the Instantaneous Direatliance on Horizontal Surface and the
Instantaneous Diffuse Irradiance on Horizontal &eef both belonging to the Collection

SolarNet. The computing code is shown below:

Function irradiancia(latitud, dia_juliano, hsolar, ro, mu, fachadaestudio, radiacion_global, SVF, albedo,
nparamentos, x1(), y1(), z1(), x2(), y2(), z2(), x3(), y3(), z3())

factor = sombra(latitud, dia_juliano, hsolar, ro, mu, fachadaestudio, nparamentos, x1(), y1(), z1(), x2(),
y2(), 22(), x3(), ¥3(), z3())

irrad_B = directainstantanea(dia_juliano, hsolar, latitud, radiacion_global)
irrad_D = difusainstantanea(dia_juliano, hsolar, latitud, radiacion_global)

Call normal(fachadaestudio, nx, ny, nz)
sx = vsolarx(dia_juliano, hsolar, latitud)
sy = vsolary(dia_juliano, hsolar, latitud)
sz = vsolarz(dia_juliano, hsolar, latitud)

escalar ns=nx*sx+ny*sy +nz*sz
escalar_ks =sz

escalar_nk = nz

irradiancia = factor * escalar_ns * irrad_B / escalar_ks + SVF *irrad_D + (1 - SVF) * albedo * (irrad_B +
irrad_D)

End Function
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INSTANTANEOUS IRRADIANCE TABLE SUBROUTINE

This subroutine has the same data input that tkeartaneous Irradiance Function. It is
associated to the control button which generates Itistantaneous Irradiance Table. The

computing code is shown below:

Sub tablalrradiacion()
dia__juliano = Cells(11, 40).Value
latitud__ = Cells(11, 41).Value
hor_sol = Cells(11, 42).Value
param_ = Cells(11, 43).Value
radiacion_ = Cells(11, 44).Value
albedo_ = Cells(11, 45).Value

Dim x1(100), y1(100), z1(100), x2(100), y2(100), z2(100), x3(100), y3(100), z3(100)
nparamentos = 0

Fori=1To 100

x1(i) = Cells(18 + i, 5).Value
y1(i) = Cells(18 + i, 6).Value
z1(i) = Cells(18 + i, 7).Value
x2(i) = Cells(18 + i, 8).Value
y2(i) = Cells(18 + i, 9).Value
z2(i) = Cells(18 +i, 10).Value
x3(i) = Cells(18 +i, 11).Value
y3(i) = Cells(18 + i, 12).Value
z3(i) = Cells(18 +i, 13).Value

If (x1(i) <> 0 Or y1(i) <> 0 Or z1(i) <> 0 Or x2(i) <> 0 Or y2(i) <> 0 Or z2(i) <> 0 Or x3(i) <> 0 Or y3(i)
<> 0 Or z3(i) <> 0) Then
nparamentos = nparamentos + 1
End If
Next i

Fork=0To 10 Step 1
Forp=0To 10 Step 1
SVF = Cells(122 - p, 26 + k).Value
Cells(40 - p, 25).Value =p /10
Cells(41, 26 + k).Value =k / 10
Cells(40 - p, 26 + k).Value = irradiancia(latitud__, dia__juliano, hor_sol, k/ 10, p / 10, param_,
radiacion_, SVF, albedo_, nparamentos, x1(), y1(), z1(), x2(), y2(), z2(), x3(), y3(), z3())
Next p
Next k

End Sub
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DAILY SOLAR RADIATION TABLE SUBROUTINE

This subroutine is associated to the control butttich generates the Daily Solar Radiation
Table. Its data input is:

e Latitude, in sexagesimal degrees

e Julian day

* Solar time in hours, from -12 to 12, being 0 atmoo
* Selected facade, by its associate number

e Global radiation on horizontal surface, in Joules

* Albedo, in so much per one

lts data output is the daily solar radiation in Kithfor every point of the selected facade. The

computing code is shown below:

Sub tablaRadiacionDiaria()

dia__juliano = Cells(11, 40).Value
latitud__ = Cells(11, 41).Value
hor_sol = Cells(11, 42).Value
param_ = Cells(11, 43).Value
radiacion_ = Cells(11, 44).Value
albedo_ = Cells(11, 45).Value

Dim x1(100), y1(100), z1(100), x2(100), y2(100)(%20), x3(100), y3(100), z3(100)
nparamentos = 0

Fori=1To 100

x1(i) = Cells(18 + i, 5).Value
y1(i) = Cells(18 + i, 6).Value
z1(i) = Cells(18 + i, 7).Value
x2(i) = Cells(18 + i, 8).Value
y2(i) = Cells(18 + i, 9).Value
z2(i) = Cells(18 + i, 10).Value
x3(i) = Cells(18 + i, 11).Value
y3(i) = Cells(18 + i, 12).Value
z3(i) = Cells(18 + i, 13).Value

If (x1(i) <> 0 Or y1(i) <> 0 Or z1(i) <> 0 Or x2(’¥> 0 Or y2(i) <> 0 Or z2(i) <> 0 Or x3(i) <> 0 Or
y3(i) <> 0 Or z3(i) <> 0) Then
nparamentos = nparamentos + 1
End If
Next i
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Dim radiacion(100, 100)
PASO =0.1

Fork=0To 10 Step 1
Forp=0To 10 Step 1
SVF= Cells(122 - p, 26 + k).Value
Cells(60 - p, 25).Value =p /10
Cells(61, 26 + k).Value =k /10
radiacion(p, k) =0
For h_solar =-12 To 12 Step PASO
radiacion(p, k) iacion(p, k) + 3600 * PASO * irradiancia(latitud, dia__juliano,
h_solar, k/ 10, p/ 10, param_, radiacion_, S\Wedo, nparamentos, x1(), y1(), z1(),
x2(), y2(), z2(), x3(), ¥3(), z30)
Next h_solar
Cells(60 - p, 26 + k).Value =iedon(p, k) / 3600000
Next p
Next k

End Sub
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NORMAL SUBROUTINE

This subroutine is used for solving the geometrabfem of the intersection of the straight sun-
studied point with the neighbor buildings. Its datput is the selected facade. This subroutine
provides the normal vector to the selected fa¢adiéskthree components. The computing code

is shown below:

Sub normal(fachadaestudio, nx, ny, nz)
Dim x1(100), y1(100), z1(100), x2(100), y2(100)(#20), x3(100), y3(100), z3(100)

i = fachadaestudio

x1(i) = Cells(18 + i, 5).Value
y1(i) = Cells(18 + i, 6).Value
z1(i) = Cells(18 + i, 7).Value
x2(i) = Cells(18 + i, 8).Value
y2(i) = Cells(18 + i, 9).Value
z2(i) = Cells(18 + i, 10).Value
x3(i) = Cells(18 + i, 11).Value
y3(i) = Cells(18 + i, 12).Value
z3(i) = Cells(18 + i, 13).Value

vx12 = x2(fachadaestudio) - x1(fachadaestudio)
vy12 = y2(fachadaestudio) - y1(fachadaestudio)
vz12 = z2(fachadaestudio) - z1(fachadaestudio)
vx23 = x3(fachadaestudio) - x2(fachadaestudio)
vy23 = y3(fachadaestudio) - y2(fachadaestudio)
vz23 = z3(fachadaestudio) - z2(fachadaestudio)

vnx = vyl2 *vz23 - vy23 * vz12
vny = -vx12 * vz23 + vx23 * vz12
vnz = vx12 * vy23 - vx23 * vyl2

nx=vnx/(vhx"*2+vny”~2+vnz"2)~0.5
ny=vny/(vhx*2+vny”~2+vnz"2)~0.5

nz=vnz/(vnhx"2+vny”~2+vnz"2)~0.5

End Sub
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APPENDIX B. Publications

This project has been sent to the “12° Certamewddsitario Arquimedes 2013Participating

in the category “2173#14-IEL: Ingenieria eléctriedectronica y automatica” under the title
“ANALISIS E IMPLEMENTACION DE MAPAS DE RADIACION SQAR SOBRE
FACHADAS EN ENTORNOS URBANOS MEDIANTE UNA APLICACIN
INFORMATICA ABIERTA”

This project has been presented in th® Iitternational Conference on Solar Radiation and
Daylighting, Granada 2013y the article titled “TOOLBOX ENGINEERING SOFTWRE
FOR THE ANALYSIS OF SUNLIGHT ON BUILDINGS” being $ected for its publication in

the “International Journal of Low-Carbon TechnotmiOxford Journdls

MARQUEZ GARCIA, A

TOOLBOX ENGINEERING SOFTWARE FOR THE ANALYSIS OF SUNLIGHT ON BUILDING
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ALVARO MARQUEZ GARCIA

Asunto Solaris 2013
Remitente Eulaliad
Destinatario z22magaa@ucc.es&
Fecha 2013-06-04 11:24

Dear SirfMadam

Your comunication titled "Toolbox engineering software for the analysis of sunlight en buildings” has been selected for the Solaris Conference Proceedings Editors.
You can submit your comunication to the jounal "International Joumnal of Low Carbon Technologies” using the online system www._ijlct oxfordjounals org.

Best Regards

Eulalia Jadrague Gago

Adjunta 2 la Subdireccidn de Calidad y Planes de Estudio

Area de Proyectos de Ingenieria

Departamento de Ingenieria de |a Construccion v Proyectos de Ingenieria
Universidad de Granada

Tifno.: +34 958 24 13 51

Fax: +34 958 24 94 41

email: gjadrague@ugr es
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