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Abstract.

This paper presents a new solar irradiance model for the
estimation of the solar radiation on facades of buildings in urban
environments. A model and a computer tool, using Visual Basic
Application of Excel, have been developed to analyse in detail
the radiation on fagades. It can be used to determine, in a very
intuitive, easy and fast way, using solar radiation contour maps,
the best areas for the installation of photovoltaic systems.
Finally, using the data obtained by the solar irradiance model for
an application example, the electricity production of a
photovoltaic system located at the selected fagade is analyzed
and discussed.
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1. Introduction

In recent years many studies about the generation of
electricity using photovoltaic systems in urban
environments have been made. For that purpose, a
detailed knowledge of the irradiance values in cities is
required [1] in order to make reliable simulations of the
amount of the electricity which could be produced [2]. In
this context, the facades of buildings are important
elements where a great solar radiation is available. Thus,
solar radiation contour maps on fagades could be very
useful to identify, in an intuitive and fast way, the best
areas to install photovoltaic systems, to size them and to
simulate the amount of electrical energy produced by
them [3].

However, the estimation of solar irradiance on building
fagades in cities is complex, since it is necessary to know
the shadows produced by the surrounding buildings and
its behaviour along the day [4]. Furthermore, the diffuse
and reflected components [5] of the irradiance depend on
the height of the point on the facade considered, what
makes even more difficult to obtain reliable estimations of
the irradiance values received on facades of building in
urban environments.
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This paper presents a new solar irradiance model to
estimate the direct, diffuse and reflected components in
urban environments. For that purpose, a new parameter,
called Sky View Factor (SVF), which takes into account
the height of the point of the facade considered and,
consequently, provides more precise results for the diffuse
and reflected components in complex urban environments,
is also defined. Furthermore, a computer tool based on this
model has been programmed, using Visual Basic of Excel,
in order to reduce its calculation time when the irradiance
model is applied to complex urban environments with lots
of possible interactions between buildings to take into
account. The model and the computer tool are applied to
an example and the results obtained are used for the
creation of a solar radiation contour map of the selected
fagcade. Finally, as an application example, an electric
production simulation for a photovoltaic system located at
a selected point located on the facade is shown.

2. Solar Irradiance Model for the Analysis
of Radiation on Facades in Urban
Environments

This model is based on the fact that the global irradiance
received on a specific point is composed of three terms
[6]: direct, diffuse and reflected irradiance. When the
studied point is located on a place without elements
around, such as buildings or trees, the effect of the
shadows during the day on the irradiance and,
consequently, on the solar radiation, can be rejected.
However, in complex urban environments, where the
presence of buildings is very common, the shadows
produced on the studied point must be analysed in detail.
In addition, the study of the global irradiance on fagades
of buildings requires further considerations, since the
relative position of the studied point on the specific fagade
will determine the amount of diffuse and reflected
irradiance received. Accordingly, a new equation for the
estimation of the irradiance on fagades in wurban
environments has been developed (Eq.1).
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where 7 is the normal vector of the external face of the

—

facade, § the Solar vector, X the normal vector of the
tangent plane of the studied place, ©' the Albedo, Ib

and Id the Direct and Diffuse irradiance on horizontal
surface, respectively, and SVF the Sky View Factor.

The direct irradiance, first term in Eq.1, is the one that
comes straight from the sun, having the greatest influence
on the global irradiance. When the studied point is shaded,
this term takes the value zero. Fig. 1 shows sets out the
different conditions for shading on building facades in
complex urban environments: when a neighbouring
building is producing shadow on that point (condition 1),
when the sun is located behind the selected fagade
(condition 2) and during the night (condition 3).

SHADOW
SHADOW CONDITION 1

CONDITION 2

\@ SHADOW

CONDITION 3

Fig. 1. Shadow conditions for building facades in urban
environments

The second and third terms of Eq.1 are, respectively, the
diffuse and the reflected irradiance. Both of them keep a
direct relation with the dimensionless parameter Sky View
Factor, SVF. This factor represents the portion of sky seen
from the studied point of the selected fagade. It ranges
from 0, when a 0% of the sky vault is seen from the point,
to 0.5, when there is no obstacle in the horizon. Thus, in
urban environments, the SKF will be minimum for the
lowest points of the building fagades and maximum for
the highest ones. Accordingly, the higher the SVF is, the
more diffuse irradiance will be received on the point of
study.

On the other hand, the complementary value of SVF,
represents the obstacles, buildings and floor seen from the
studied point. The lower the study point is located on the
facade, the more obstacles and floor will be seen from it
and, consequently, the more reflected irradiance will
receive.

Therefore, this new model for solar irradiance on fagades
has the advantage of estimating the diffuse and the
reflected irradiance related to the portion of sky vault and
obstacles seen from the studied point, by means of the
SVF, getting a more realistic simulation for the global
irradiance.
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B. SOFTWARE DEVELOPED

Eq.1. estimates the irradiance received on a specific point
of the fagade of a building due to the interactions with its
neighbouring buildings. In complex urban environments,
there could be a great amount of possible interactions
between the buildings that may be considered for the
analysis of shading on fagades. To automate the
calculation for different points of the facade and several
buildings, a computing code has been developed, creating
some functions and subroutines in Visual Basic
environment of Excel.

Shadow Subroutine

This function determines whether a point of facade is
shaded or not. For that, it uses Julian day, latitude,
selected facade, solar time and two parameters, which
indicate a point on the chosen fagade. Specifically, each
fagade is represented by a local reference system with axis
PO and p. Their values belong to the interval (0-1), with a

step of 0.1. It implies that 121 points of each fagade are
studied. The output of the Shadow Subroutine for each
point of the facade with will be 0 if the point is shaded and
1 if not. For calculating the state of the point, first of all, it
is necessary to establish its Cartesian coordinates inside
the global reference system of the urban environment.
After that, the sun position will be determined for the
Julian day, latitude and solar time selected. At this point,
the subroutine will calculate the intersections between the
straight line going from the sun to the point of study (sun-
fagade point) and the planes that contain the neighbouring
fagades (Fig.2). To calculate the intersection point, a three
equations system must be solved, Eq.2, and the values for
a, b and c, (Fig.2) will be determined. The studied point
will be shaded if “a” is greater than cero or “b” and “c”
belong to the interval (0-1).

XO Sx Xl Vle V23x
YO ta Sy = }/l + b VlZy tc V23y (2)
ZO Sz Zl I/122 I/232
Facade
Plane

SOLAR VECTOR
(5x,5y,52)

PO(X0,Y0,20)

Facade
selected

Fig. 2. Representation of the geometric intersection of solar rays
and the buildings in urban environments

If the function checks that one intersection point is inside

a facade of an adjacent building, it will stop and its value
will be 0, condition 1 in Fig.1. Its result will be also 0, if
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the selected solar time is before sunrise or after sunset,
condition 3 in Fig.1. The last condition for shading is that
the normal vector of the external face of the facade cannot
form an obtuse angle with the solar vector, condition 2 in
Fig.1.

If none of these conditions happens, the output value for
the Shadow Function will be 1 and the studied point will
be lighted (Eq. 3)

I = Shadow Subroutine-’z—.s Ib+SVF-Id +
ks 3)

+(1-SVF)p*(Ib+1d)
Sky View Factor Subroutine

In a completely shaded fagade, the different points do not
have the same level of irradiance since those points with a
greater elevation over the ground see a bigger part of the
celestial surface than the points with a lower elevation,
which see more obstacles. As a consequence, the highest
points receive more diffuse irradiance while the lowest
ones received more reflected irradiance from the
neighbouring facades and the floor. Due to the fact that
the diffuse component exerts a greater influence on the
global irradiance than the reflected one, the global
irradiance will be higher on the highest points of the
facade. To simulate this phenomenon, the Sky View
Factor (SVF) Subroutine has been created.

RAYS GENERATED

]
{
POINT*’MED

7
E
.

SEMI-SPHERA
RADIUS 1

Fig.3. Generation of the rays on the selected point for the
estimation of the SVF

This subroutine generates 1012 rays in different directions
(Fig.3), for each one of the 121 points of the selected
fagade. Afterwards, it studies for each ray if it intersects
with the ground or with an adjacent building, or if it has a

FACADE SELECTED

celestial vault direction. It counts the amount of rays with
sky vault direction and calculates the Sky View Factor as
the quotient between it and the total of rays generated.
This value and its complementary are used for estimating
in a more realistic way, the diffuse and reflected
component, being constant along the time (Eq. 3).

Irradiance Subroutine

The Irradiance Subroutine, based on Eq. 3, is created with
the aim of estimating the irradiance (W/m?) on each point
of the selected fagade and for a specific solar time. The
data input of this function is the latitude, the Julian day,
the solar time, the parameters p and p of the local
reference system of the fagade, the selected fagade, the
global radiation on an horizontal surface for the specific
month and the albedo.

Daily Solar Radiation Subroutine

The daily solar radiation function estimates, for each
particular point of the selected facade, the accumulated
energy (kWh/m?) for a particular day of the year. This
subroutine uses the Irradiance Subroutine output,
calculating its value each 6 minutes along the 24 hours of
a day and multiplying the value obtained for 0.1 hour,
getting the energy for that interval. Afterwards, this
function adds the values of all intervals, in order to obtain
the energy for a whole day.

C. Solar Radiation Contour Maps on Facgades. Stuttgart-
Mitte

Using the software presented, which implements the new
solar radiation model for fagcades in urban environments,
the creation of solar radiation contour maps is immediate.
In this paper, a case held in the city of Stuttgart
(Germany) with latitude 48.77° N and longitude 9.18° E is
carried out. This city has been selected since it lies to the
south of the country, where the values of global radiation
on horizontal surface are greater.

In Fig.4, a model of the place of study is shown. The
fagade chosen belongs to the Baden Wiirttembergische
Bank building and it is located in the city centre
(Stuttgart-Mitte), where the office buildings reach heights
between 25 and 40 meters.

BW-BANK STUTTGART-MITTE

Fig. 4. Fagade selected (BW-Bank Building, Stuttgart-Mitte)
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Fig. 5: Solar radiation contour map for May 15th on EW-BEmk facade, Stuttgart—ltte (Germany)

Fig.5 shows the solar radiation contour map for May 15™,
on the BW Bank building fagade, created from the data
generated by the irradiance model proposed. This map is
very useful for choosing the area with the greatest solar
radiation available. As it can be seen in Fig.5, the right
side of the fagade presents fewer radiation losses due to
the shadows of the neighbouring buildings. On the other
hand, the left side has less radiation, not being an optimal
area for the installation of photovoltaic panels.

The contour map can also show, in an intuitive way, how
the vertical gradient on the facade is. On all the fagade the
gradient is constant; however, the value of the gradient is
greater on the left, since the distance between the contour
lines is lower.

Profile A-A' 15/5/2013 Stuttgart

Solar Radiation [kWh/m2.day]

' 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

u
Fig. 6: Profile A-A’ BW-Bank facade for May 15™. Stuttgart-
Mitte (Germany)

3. Estimation of the Electricity Production
Based on the Solar Radiation Contour
Maps

Thus, from a solar radiation contour map on a fagade it is
possible to identify easily and fast the most suitable area
to install a photovoltaic system. However, the small
investor needs accurate values of solar radiation for
estimating the return of the project. The computer toolbox
presented shows very accurate values for the radiation on
the different points of the facade. Therefore, these data
can be used to simulate the electric production generated
by a grid-connected or a standalone system, being able to
quantify the income.

Fig. 7 shows, for the points P1(0.7;0.9), P2(0.7;0.5) and
P3(0.7;0.2), located on the same vertical, the daily
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radiation values for the 15™ of each month. The available
energy differences between each point are greater in May,
June and July, the months in which the global radiation on
horizontal surface is also higher. On the other hand,
during the winter months, December, January and
February, the radiation differences between the points are
minimal. This indicates that the use of common solar
radiation models has more deviations from the real values
in the months in which the electric production is higher.

2,5

Daily Radiation [kWh/m2.day]
BW-Bank Building, Stuttgart-Mitte

=Pl wP2 ©P3

0,5

Fig. 7: Daily radiation available on 3 points on BW-Bank fagade
(Stuttgart-Mitte, Germany)

Table 2 shows the annual energy in kWh injected into the
grid for a photovoltaic installation connected to the grid
located at point 1 (fig 5). The installation is made up by 4
photovoltaic panels installed in parallel, each with a
nominal power of 140 Wp, occupying a total area of 5.7
m’. The modules are connected to an inverter with a
nominal power of 0.5 kW.

For the simulation the software PVSYST.5 has been used,
with the solar radiation data obtained on the point 1
(Fig.7) using the program created in Visual Basic, that
implements the new solar irradiance model described in
this article. This provides more reliable results of the total
energy injected into the grid. Figure 8 shows graphically
the normalized production per kWp installed for the case
studied. Losses due to the performance of the solar panels
and the inverter are also shown for each month of the
year.
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Table 2. Balances and main results for point P1 on BW-Bank fagade. Stuttgart-Mitte.

Balances and main results for P1 on BW-Bank facade. Stuttgart-Mitte.

T Amb GloblInc

GlobEff EArray E_Grid EffArrR EffSysR

°C kWh/m*> kWh/m*> kWh kWh % %
January 0.00 11.48 10.90 5.37 3.40 8.19 5.18
February 1.10 18.86 17.81 9.27 6.89 8.59 6.39
March 5.00 31.93 30.36 16.23 12.91 8.89 7.07
April 7.80 45.60 43.40 23.46 19.54 8.99 7.49
May 12.80 61.38 58.56 30.98 26.34 8.82 7.50
June 15.60 65.40 62.33 32.93 28.16 8.80 7.53
July 17.80 69.75 66.59 34.72 29.84 8.70 7.48
August 17.80 56.73 54.03 28.19 23.86 8.69 7.35
September  14.40 38.70 36.82 19.18 15.67 8.66 7.08
October 9.40 24.18 22.96 11.89 9.03 8.60 6.53
November 3.90 13.79 13.09 6.56 4.44 8.31 5.63
December 1.70 9.30 8.84 4.22 2.35 7.94 4.41
Year 8.99 447.10 425.70  223.01 182.42 8.72 7.13
Legends:

T Amb Ambient Temperstirs EA;:Z E:Z:ti\f? c.enirgdy.a;c thelzutput of the array

Globinc Global incident in coll. plane Ef_fArrR Effic?écl;:lte:r?aylyrzgg% area

GlobEff Effective Global, corr. for IAM EffSysR Effic. Eout system / rough area

Normalized Production (per installed kWp): Nominal Power 560 Wp

Normalized Energy [KWh/kWp/day]

Fig. 8. Normalized production for the PV System on the point 1.
BW-Bank. Stuttgart-Mitte

Values from 01/01 to 31/12

Energy Injected into Grid [kWh/day]

’a

Global Incident in Plane [kWh/m?2.day]
Figure 9: Global incident radiation and energy injected into the
grid for each day

The representation of incident solar radiation on the
photovoltaic panels and the final energy injected into the
grid allows seeing easily that there is a linear relationship
between the two magnitudes, and consequently, also of the
losses due to the collecting system and the inverter. In
Figure 9 these two variables are plotted for each day of the
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year. With the data obtained through this analysis, a
linear regression could be performed, which would easily
allow to know the final available energy from the solar
radiation data. This equation would belong only to the
fagade studied in this case and would provide useful
results of the final available energy directly from the
solar radiation contour map.

4. Discussion and Conclusions

A new solar model to calculate the solar radiation on
facades in complex urban environments has been
presented in this paper. In this model, the diffuse and
reflected irradiance are estimated from the portion of sky
seen from each point of study on the facade. For this, a
parameter called SVF, which represents the percentage of
celestial vault seen from the point of study, has been
created. This factor has been developed for the case of
vertical fagcades but could be also used for sloping
surfaces, such as roofs. From the irradiance values the
radiation over a specific period of time could be
estimated. Based on this model, a computer software tool
in Visual Basic for Excel has been developed to estimate
the values of solar radiation on fagades. From these
results, it is possible to generate solar radiation contour
maps on facades that help to identify fast and easily the
most suitable areas for the installation of photovoltaic
panels. According to this model, the solar radiation
received in the facade of the BW-Bank in the city of
Stuttgart (Germany) has been estimated and a simulation
of the possible electrical production in a photovoltaic
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system located at a specific point of this fagade has been
made using PVSYST.5 software. The accuracy of the solar
radiation data obtained by the solar model presented
allows better estimations of the amount of electricity
injected into the grid, so it can be used to improve the
estimation of the economic evaluation and the return of the
investment
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