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� A method for evaluating solar irradiance over façades in building cities with mutual shading.
� It calculates irradiance curves in all building façades, using LiDAR and irradiance information.
� Solar irradiation maps of the city buildings are really important for urban planning.
� It allows to selection BIPV elements depending of the irradiation in each façade point.
� The model can be extrapolated to all the building envelope.
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Arranging a solar irradiation map of the buildings of a city is a valuable tool for sustainable urban plan-
ning in regard to non-carbonized criteria in important applications. Such applications may include: selec-
tion of materials for the building envelope and insulation according to the irradiation received at each
point; monitoring the installation of photovoltaic systems to ensure that they are located in the optimal
irradiance zones; or building restoration to improve the energy efficiency and electric generation.
The proposed method enables to estimate the incidence of the solar irradiance as well as to visualize

the effect it produces in every region of the buildings that compose the urban area of a city. The process
includes the use of Laser Imaging Detection and Ranging (LiDAR) information along with 5-min
horizontal irradiance data. This developed algorithm has been verified through being applied to different
building envelopes distributed in different geographical areas. The results demonstrate a satisfied
performance which makes that the methodology can be extrapolated to any city where the LiDAR
Data and irradiance information are available, permitting an accurate analysis of the solar irradiance over
the building envelopes.
The algorithm succeeds in obtaining a map of solar radiation captured by the envelope of any urban

building that estimates the photovoltaic power generation depending on the geographic location and
on the influence of shading caused by adjacent buildings. The provided results show clear evidence of
the influence of the shade effect produced by both, the building itself and other nearby buildings. Even
if the shading effect is a factor that determines the irradiation gradient, the orientation of the facades
has been proven to be the most important parameter in seeking a higher value of irradiation. As a result,
south facing walls present wider regions with greater irradiance values, which are of interest for
photovoltaic implementation. In addition, monthly analyses have shown that the best-oriented facades
have produce their maximum solar power during equinox months, March and September.
This method is considered as a useful tool for sustainable urban planning and for building integrated

photovoltaics development. Although the entire envelope of a building can be studied, this paper is
limited to the analysis of the facades.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Combating climate change through a decarbonized economy is a
priority of the Europe 2020 strategy [1]. The importance and
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Fig. 1. General methodology.
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potential of solar photovoltaic energy to achieve this objective is
unquestionable. Currently, solar photovoltaic technology, despite
its low efficiency (between 10 and 20%, depending on the type of
technology [2–4]), can reach grid parity in certain geographic areas
[4]. So far, the existing implementation of photovoltaic generators in
buildings is accomplishedmainlybymeansof elements added to the
roofs of buildings or by the construction of attached photovoltaics
(BAPV), which provide a questionable aesthetic solution.

Over last decade, building integrated photovoltaics (BIPV) prod-
ucts of various efficiencies have been developed in the solar sector
in order to improve urban integration [4].

The evolution of photovoltaic technology allows to establish
that depending on the technology and BIPV solutions applied to
roofs [5,6] or facades [5,7,8] costs have been reduced as the effi-
ciency values have gone up. There are multiple BIPV products that
can be implemented in every building and situation: claddings
with different azimuth angles [9], facade shading elements
(carport, awning, shutter and eaves) [10], windows with semi-
transparent solar cells [11], skylights and atriums [12,13].

Thementioned solutions have alreadybeen implemented in pilot
buildings throughout the world, presenting problems of its multi-
plying effect as a consequence of an inaccurate previous study of
the solar resource, its incidenceover the different faces and an incor-
rect placement of PV elements on the building envelope [14–18].

There are various prestigious databases that enable one to
predict the solar irradiation received in a specific geographical
location, given its coordinates and altitude, as well as the orienta-
tion of the plane (azimuth and zenith) and its tracking system
(fixed, horizontal, vertical or polar axis) [19,20].

Allowing the analysis of the solar irradiance received by the
buildings, several algorithms which are based on the data supplied
by local weather stations or on the already mentioned databases,
have been developed and published. The provided results allow
to optimize the position and orientation of the photovoltaic ele-
ments (BAPV and BIPV), to determine the annual efficiency and
to obtain the output energy; fundamental factors that define the
internal rate of return and the pay back of the photovoltaic invest-
ment [21–23]. Marked improvements are introduced when the
shading of nearby buildings and obstacles on roof-top photovoltaic
systems is calculated [24,25].

While Laser Imaging Detection and Ranging (LiDAR) technology
enables one to obtain an initial approximation of the energy
resource of urban building’s roof-tops, there are other algorithms
that permit the detection of production losses as consequence of
the fact of setting obstacles on roofs top, such as fireplaces, cais-
sons or antennas. One can conclude that most of the roofs of the
buildings are uneconomic from an energy point of view. Thus,
one must determine which areas are suitable for photovoltaic
implementation [26–28].

The presented research enables to obtain the annual average
solar irradiance at every point of the facades of the buildings in a
city by the use of LiDAR technology, taking into account the shad-
ing effect produced by nearby obstacles and buildings. The result is
an algorithm that, using the data obtained from a LiDAR flight over
any city, determines the solar irradiation curves of the facades of
every building, allowing one to determine the solar energy poten-
tial of the different areas of a building.

The solar energy potential of a building in an urban environ-
ment is defined by the location of well-positioned planes in the
roof-top and facades. Several authors have already studied differ-
ent methodologies for the purpose of identifying the buildings in
large cities, converting them into three-dimensionally triangle sur-
faces by means of available classified LiDAR data [29–31]. The pro-
cess that was developed by [29] is used in this paper.

The photovoltaic potential of the different facades of buildings
is defined by the specific exposure to sun rays. While in the case
of analyzing the roofs photovoltaic potential, their orientation
and inclination must be determined, in the case of facades (which
are by definition vertical planes), the factors to be considered are
their orientation and any shading effect produced by other planes
o f facades or nearby buildings.

In order to study the incidence of the solar irradiation over each
surface, the algorithm converts the triangles into grid points. Tak-
ing account for all the potential obstacles such as shadings, the glo-
bal computation of incident solar irradiation at every point of a
facade generates iso-irradiance curves, which are called solar irra-
diance curves in this paper. The proposed methodology classifies
the building envelopes and facades according to its irradiance
incidence.

The applications that arise from this method include the
following:

– Sustainable urban management to project new constructions,
the restoration and rehabilitation of buildings, urban renewal,
sustainability improvement of cities, the determination of the
energy requirements of buildings (cooling and heating) or
energy generation potential (heat and electricity).

– Support of architects and engineers in designing the building
envelope (new and existing), optimizing the aesthetics/
efficiency relationship. This includes BIPV solutions that
improve the insulation of the building (materials that will
reduce the transmittance) and generate solar energy (improve
orientation). These solutions present great opportunities to
meet three important objectives: reducing the energy
consumption of buildings, increasing energy self-consumption
(reducing transportation losses) and regenerating degraded
urban areas [32,33].

– Allow promoters and communities to foresee the investment’s
payback.

– Serve as a valuable tool by which manufacturers of PV systems
can improve the market’s knowledge of BIPV materials and
products, presenting solutions that are both economically and
technologically feasible to urban planners and developers.

Whereas in the methodology that was described by Gooding
et al. [34], a catalogue of common roof shapes are assigned to build-
ings, the algorithm presented in this paper locates and features geo-
metrically (shape, orientation and slope) both, roofs and facades,
according to the actual shape of the LIDAR points defined. Similarly,
Tooke et al. [35] use LiDAR information to model the building
energy demand for contiguous regions within urban areas. In addi-
tion to this, the proposed method enables one to define more accu-
rately the solar irradiation at any point of the building envelope as
well as to consider the negative effect of shading.
2. Method

The main purpose of this paper is to propose an algorithm to
analyze the incident irradiation on building facades in large cities,
by the use of LiDAR (Laser Imaging Detection and Ranging) infor-
mation and monthly irradiance data. The algorithm has been
developed using VisualBasic�. As can be seen in Fig. 1, the method



Fig. 2. Methodology used to obtain the triangulation of buildings from LIDAR data [29].
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contains five steps: modeling, discretization, shading effect study,
irradiance model application and presentation of the results.

2.1. Building 3D modeling from LiDAR data

The proposed method starts with the modeling, which permits
the triangulation of the different constructions that are located in
the study area. The input is the filtered and classified LiDAR data.
Thus, a three-dimensional cloud of points may serve as a base to
generate surfaces that are built with triangles.

There are different methods to obtain digital models of build-
ings from LiDAR data, and the one proposed by Zhou [29] has been
selected. It is remarkable that the modeling part has been limited
to the verification of the building construction done by Zhou’s soft-
ware. A filter is applied in order to consider ground and building
points of the LiDAR information. Thus, other elements, such as
trees, are not considered in this paper.

For easier understanding, the building modeling by Zhou [29] is
divided into four parts:

1�. Scan conversion - The point cloud is embedded in a uniform
2D grid. Surface Hermite data samples (gold arrows) are
generated at grid points and boundary Hermite data samples
(red1 arrows) are estimated on grid edges that connect different
roof layers (see Fig. 2b).
2�. Adaptive creation of geometry - A hyper-point is computed
in each quadtree cell by minimizing a 2.5D QEF (quadratic error
function). Geometry simplification is achieved in an adaptive
manner by collapsing subtrees and adding QEFs that are associ-
ated with leaf cells (see Fig. 2c).
3�. Polygon generation- A watertight mesh model is recon-
structed by connecting hyper-points with surface polygons
(turquoise triangles) and boundary polygons (purple triangles),
which form building roofs and vertical walls, respectively (see
Fig. 2d).
4�. Principal direction snapping - The roof boundaries are
refined to follow the principal directions (see Fig. 2e).

It must be noted that the calculation of incident irradiance has
only been applied to facades, although there is an opportunity to
increase its application to the entire building envelope. In any event,
1 For interpretation of color in Figs. 2 and 14, the reader is referred to the web
version of this article.
the first step consists on creating surfaces that are constructed by
triangles that represent the complete buildings’ envelopes.

2.2. Discretization

Once the model has been constructed with triangles, it is neces-
sary to study the incidence of annual solar irradiance acting on
each triangle. Instead of analyzing the behavior of the entire trian-
gle, this research aims to generate test-points, which are used as
representative points of the triangle during shading and irradiance
studies. If the discretization has enough resolution, the results will
surely be accurate.

This process requires less time to calculate the shading effect of
the model than do other methods, such as polygon intersection.
This time reduction is due to the fact of using simpler algorithms
where the goal is to determine if a test point is inside a triangle.

The test-point generation is defined by a system of relative
coordinates that consider – for the plane formed by the triangle -
the X axis as the direction resulting from the intersection of the tri-
angle’s plane and the horizontal plane, the Y axis as the direction of
the maximum slope of the triangle’s plane and the Z axis as the
normal direction of the triangle’s plane. Test-points of each triangle
are then generated by creating a determined and modifiable 0.5 m
size grid, which is of higher resolution than the grid of 1 m resolu-
tion that was used in [28].

In Fig. 3, an example of the discretization can be seen, in addi-
tion to a graphic explanation of the grid development that was pre-
viously mentioned.

2.3. Shading study

As it can be seen in Fig. 1, the shading study is the third part of
the proposed algorithm. The solar position is calculated by means
of the solar declination angle that was proposed by Cooper [36].
Each test-point generated during the previous step is then ana-
lyzed to determine the possible shading effect influence produced
by a triangle of the model.

As shown in Fig. 4, the test-points are projected to the obstacle
triangles along the solar vector direction. Finally, a shading map of
the points for each sun position in which the points may be pre-
sented in two different conditions (shaded or un-shaded) is
obtained. Each shading map is unique and is dependent of the solar
vector direction. Thus, the time at which the solar position changes
the shading map must be updated.



Fig. 3. Discretization of the triangle.
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Considering that the model may be formed by thousands of ele-
ments, some routines have been added in order to reduce the cal-
culation time. The most important one implies that, once a test-
point has been determined to be as shaded by a triangle, nearby
triangles are studied to determine the shading of each test-point
by the triangle to which it belongs. Other noticeable improvement
consists on calculating the angle of incidence between the solar
vector and the normal vector of the test-point triangle’s plane, so
when it exceeds 90�, it implies that every test-point that the trian-
gle contains is shaded.
2.4. Irradiance model

The irradiance model of Perez et al. [37] is considered to be the
baseline, but has been modified to be adapted to an urban environ-
ment. The model proposed by Perez et al. [37] considers the effect
of direct irradiation from the sun (beam), as well as other sources
Fig. 4. Test-point sh
like clouds, sky dome or the horizon (diffuse), and it is used to eval-
uate the irradiance on sloped surfaces. As can be seen in Fig. 5, it
presents five irradiance terms: the beam, circumsolar diffuse, iso-
tropic diffuse from sky dome, diffuse from the horizon and
ground-reflected irradiation.

In order to provide a more reliable model that is suitable for the
urban environment, the diffuse radiation from the horizon and
ground-reflected irradiance has been exchanged for the diffuse irra-
diance that is reflected by the nearby buildings’ envelopes. As
shown in Fig. 5, the solar irradiance that affects the nearby build-
ings is evaluated by separating those areas that are partially shaded
from those that have direct irradiance influence. The solar irradia-
tion is then reflected as diffuse irradiation that potentially affects
the studied point. It must be noted that the influence of reflecting
facades is not considered in other proposed methods, such as [28].

The effect of shading by nearby buildings’ envelopes needs to be
evaluated. The methodology that was previously explained is used
(parts 2 and 3 of the proposed method that appears in Fig. 1).

The isotropic diffuse is the irradiance that comes from the sky
dome and in the original Perez et al. model [37] is limited by the
irradiance level and the inclination of the plane. This research
makes a reduction in the visible sky dome area by means of the
horizon profile accounting for the effect of shading created by
nearby buildings, as shown in Fig. 6. A few examples are presented
in the application part for better understanding.

Eq. (1) represents the Perez et al. [37] irradiance model after
having been adapted to an urban environment:

Gglobal ¼ Gbh � cosðhÞcosðhhÞ � shþ Gdh � F1 � ab
þ Gdh � ð1� F1Þ � 1þ cosðbÞ

2

� �
� vis

þ
Xn1
i¼1

Ginc;unshaded � 1þ cosðaÞ
2

� �
� q

� �

þ
Xn2
i¼1

Ginc;shaded � 1þ cosðaÞ
2

� �
� q

� �
ð1Þ
ading analysis.



Fig. 5. Adaptation (a) of Perez irradiance model to an urban environment (b).
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where Gglobal is the total irradiance incident over the test-point
(W/m2), Gbh is the horizontal beam irradiance term (W/m2), h is
the incidence angle (�), hh is the solar zenith angle (�), sh is the
shading effect (0 or 1), Gdh is the horizontal diffuse irradiance term
(W/m2), F1 is the circumsolar brightness coefficient, a and b are
terms that account for the angles of incidence of the cone of circum-
solar radiation, b is the triangle plane inclination (�), vis is the visi-
ble sky percentage for the horizon analysis of each test-point (%),
Ginc,unshaded is the global irradiation over n1 nearby facades that
are free of shadows (W/m2), Ginc,shaded is the global irradiation over
n2 nearby facades that are shaded (W/m2), a is the angle between
the triangle’s plane and the nearby facade (�), and q is the reflection
term of each nearby facade (%).

2.5. Output data

To conclude the method, series data results are presented in the
basis the irradiation is introduced, in this paper 5-min. The results
include the global direct and diffuse irradiance values for every test
point and temporal series. Additionally, it is possible to differenti-
ate between the different irradiance terms involved in the solar
irradiance incidence process, as well as to evaluate the effect of
the shading produced by nearby buildings.

In order to obtain the optical losses using the IAM factor con-
cept, the incidence angle is determined so it is applied to the irra-
diance model, whereas in other papers is not calculated [28]. In
addition, an algorithm for graphical interpretation that creates a
3D model of the building and the iso-irradiance curves over the
facades in Autocad� has been developed.

2.6. Case study

The model has been applied to an area of Logroño (La Rioja,
Spain), a city of 152,000 people that covers an area of 80 km2

and contains population density of 1900 inhabitants per km2. This
city’s geographical coordinates are 42�2801200 north and 2�2604400

west.
The LiDAR database used is Plan Nacional de Ortofotografía Aérea

(PNOA) flights project [38] from the Spanish Government. The
objective of this project is to cover all territory of Spain through
point clouds obtained by airborne LiDAR sensors, with a density
of 0.5 points/m2. PNOA provides LiDAR information for such



Fig. 6. Visible sky dome for isotropic diffuse irradiation (a) adapted to an urban environment (b).

Fig. 7. LIDAR cloud-point data [38].
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well-known applications including terrain digital model genera-
tion or flooding analysis in rural zones, as well as new ones that
are similar to the presented in this paper and which uses the exist-
ing information of large cities.

Considering that the aim of a model application is to test the
proposed model, the confluence of two streets in the center of Log-
roño that consists of buildings from 4 to 7 floors and a street width
of 14 m has been selected. In Fig. 7, one can see the point cloud that
is considered for the model application, on which black-colored
points are building points that are differentiated from the gray-
colored ground points.

In order to reduce the calculation times and accepting that the
results can be extrapolated to any type and number of facades or
buildings, just some certain areas of the facades have been
selected. In addition, even if the first step of the method was
applied to the complete cloud point that is shown in Fig. 7, the rest
of the method was applied only to a specific limited area. The
selected building has its facades oriented in two main directions
as shown in Figs. 8–11. Considering as reference north and a clock-
wise angle direction, one is 285� for walls number 1 and 5 (West),
another 195� for walls number 2, 4 and 6 (south), and another 105�
for wall number 3 (east).

The existence of two nearby buildings south and west oriented
must be noted in order to check the influence they have in the irra-
diance capture levels of the facades. The adjacent building that is
located to the west is considerable higher, being about 27 m
height, while the one that is located to the south is about 17 m
height (see details in Fig. 9).

Having considered a 0.5 m grid size, the discretization of trian-
gles involved a total of 8362 test-points. As shown in Figs. 9 and 10,
the selected building is divided into a ground floor level that is four
meters height (ground floor), and four upper floors, each of which
is three meters high (1st floor, 2nd floor, 3rd floor and 4th floor).
The algorithm studies the behavior of a series of test-points
which, depending on the floor to which they belong, are easy to



Fig. 8. Orientation of Walls.

Fig. 9. Triangulation model obtained from LiDAR data (i).
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characterize in terms of shading and solar irradiance incidence.
Thus, the entire surface performance is perfectly defined. In this
case, those points whose elevation (Z) is less than or equal to
4 m belong to the ground floor, up to 7 m the first floor, up to
10 m to the second floor, up to 13 m to the third and finally up
to 16 m in height the fourth floor.

Table 1 shows the number of test-points contained in each
facade of the building depending on the floor where it is located,
in addition to the surface of each of the studied facades. The quan-
tity of test-points is greater in the case of the lowest floor (ground
floor) because it is one meter higher than the others.

In order to calculate the visible sky percentage for the irradi-
ance model, as it has been previously explained, every test-point
is analyzed regarding the visible sky dome. As shown in Figs. 12
and 13, there are two examples of the horizon profile of two
test-points, one is located in wall number 1 and the other in wall
number 2. It can be seen that the horizon profile is modified
depending on both, the triangle orientation and nearby buildings
and obstacles.

Taking account for the monthly irradiation values provided
from PVGIS� [39], 5-min basis synthetic series that enable to
achieve a correct characterization of the shading effect are gener-
ated using Gaussian models [40,41].

2.7. Checking the method

One of the most crucial parts of every proposed method is the
validation. In this case, it has been used an experimental research



Fig. 10. The triangulation model obtained from LiDAR data (ii).

Fig. 11. The triangulation model obtained from LiDAR data (iii).
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of BIPV products in Spain that was developed by Sanchez et al. [42].
He presents yearly results of solar photovoltaic elements that have
been installed on the different facades of a particular building.
Finally, he compares the values of each wall with respect to the
optimal plane. South facing walls presented about 66% with
respect to the optimal plane, whereas eastern ones presented



Table 1
Number of points of testing for each wall and floor.

Ref wall Surface (m2) Number of test-points

Ground floor Floor 1 Floor 2 Floor 3 Floor 4

Wall 1 386 652 466 457 483 482
Wall 2 276 313 231 305 226 238
Wall 3 20 29 18 29 18 21
Wall 4 221 284 219 276 204 192
Wall 5 20 24 18 20 18 17
Wall 6 486 728 514 551 512 556

Fig. 12. Visible sky horizon for test-point 1500 (Wall 1).

Fig. 13. Visible sky for test-point 3118 (Wall 2).
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about 49% and western ones about 38%. The difference between
eastern and western walls was explained by a nearby western
mountain, whereas the other walls are free of shadows. So east
and west oriented facades should present at around 49%.
In the case of Logroño, the optimal plane can harvest up to
1760 kW h/m2 [39]. Walls that face southward show a maximum
irradiance value of 1100 kW h/m2 (wall number 2), which means
about 62.5% with respect to the optimally-oriented plane. This is
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lower than the percentage presented in [42] for a southward
facade (66%), and it is due to a small disorientation of 11� with
respect to the south and to the shading irradiance losses.

Wall number 1 is oriented westward and has an azimuth angle
of 285�. Thus, the maximum value (600 kW h/m2) is 34% with
respect to the optimal angle, whereas wall number 3 is
southeast-oriented, having a maximum value of 974 kW h/m2,
about 55% with respect to the optimal plane. The differences in
these values when compared to [42] are logical if one considers
that they are not perfectly oriented in the case of Logroño. So, in
Fig. 14. Global, direct and diffuse irradiance terms for the July 5–8 period: (a) test-p

0.00

20.00

40.00

60.00

80.00

100.00

120.00

M
on

th
ly

 ir
ra

di
an

ce
 (k

W
h/

m
2)

Wall 1

Fig. 15. Results of global irrad
the case of southern influence, they present higher values, whereas
a northern orientation reduces this percentage.

3. Results and discussion

3.1. 5-min analysis

As shown in Fig. 14, the 5-min profiles of each test-point for
periods 5–8 of July clearly represent the scenario in which they
are positioned. Fig. 14a shows the 5-min profiles of the global
oint 1500 (Wall 1); (b) test-point 3118 (Wall 2); (c) reference horizontal plane.
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Fig. 16. Results of global irradiation of wall number 2.

Table 2
Annual global irradiance results (kW h/m2).

GLOBAL IRRADIANCE (kW h/m2) Mean (kW h/m2) Maximum (kW h/m2) Minimum (kW h/m2) Standard deviation (kW h/m2)

WALL No. 1 Ground floor 501 509 493 5
Floor 1 517 525 510 5
Floor 2 537 548 527 7
Floor 3 565 578 549 9
Floor 4 600 620 580 12

WALL No. 2 Ground floor 752 811 717 22
Floor 1 822 867 786 20
Floor 2 897 947 853 27
Floor 3 1022 1087 949 44
Floor 4 1100 1119 1065 42

WALL No. 3 Ground floor 731 761 704 14
Floor 1 775 798 750 14
Floor 2 826 864 790 19
Floor 3 904 958 853 29
Floor 4 974 1085 917 46

WALL No. 4 Ground floor 748 807 641 37
Floor 1 817 875 666 44
Floor 2 893 972 712 57
Floor 3 1013 1093 737 73
Floor 4 1064 1117 793 74

WALL No. 5 Ground floor 575 588 562 8
Floor 1 602 613 592 7
Floor 2 627 639 616 8
Floor 3 653 667 638 9
Floor 4 681 691 669 7

WALL No. 6 Ground floor 768 805 734 20
Floor 1 840 872 805 20
Floor 2 920 964 877 27
Floor 3 1047 1098 977 39
Floor 4 1105 1116 1082 37
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(blue), direct (red) and diffuse (green) terms in test-point number
1500, which is located on the wall 1, facing the west. So, during the
afternoon, the direct irradiance grows as the sun’s elevation
decreases. In the matter of diffuse irradiance, the effect of the
nearby western building’s reflected irradiance during morning
hours must be noted.

In the case of a test-point facing south (Fig. 14b), the diffuse and
direct irradiance terms affect all day long. The azimuth value of
wall 2 (15� west), and the nearby southern building increase the
diffuse irradiance term during the morning. Fig. 14c shows the pro-
files of the reference solar irradiance terms over a horizontal plane.
3.2. Monthly analysis

As previously indicated, the results are stored in a 5-min tem-
poral basis. Thus, it is possible to group them and create monthly
sums on which to observe the seasonal trend of every facade.
Monthly results of the walls number 1 and 2 are discussed, since
they are representative of the two main directions among the
facades of the building.

Fig. 15 shows the monthly values of solar irradiation per month
and floor of wall number 1. It can clearly be seen that, from March
onwards, the increasing direct irradiation causes greater



Fig. 17. Annual results of global irradiation on facades (i).
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differences in captured irradiation between different floors. Jan-
uary, November and December present a little influence from
direct irradiance. Thus, they limit the collected irradiance to the
diffuse portion. The main reason for this phenomenon is the north-
west orientation of the facade, which is combined with the effect of
the adjacent building situated to the west.

Monthly irradiance values of wall number 2 are much higher
than in the wall number 1. As it can be seen in Fig. 16, during
the winter period the lower floors are not exposed to direct
sunlight, whereas those located on the top of the building are
clearly affected by this type of irradiance. Such high values of
irradiance in the winter months, which are comparable to those
in summer and even higher, are due to the solar geometry pre-
sented in those periods. During winter months, the Sun’s elevation
is not so high, and lower values of angle of incidence between the
sun rays and the facades allow to achieve an optimal irradiance
harvesting.

March and September (equinox months) are of great impor-
tance, as they are the months in which the captured solar irradia-
tion reaches its maximum on upper floors. The maximization of the
uptake of solar irradiance during these months is due to both, the
number of hours of sunshine in March and September and the
angle of incidence values. Due to the geometric factor reduction,
even if the maximum solar irradiance is produced between the
months April and August, the direct irradiance acting over the wall
number 2 is significantly decreased. As a consequence, the global
irradiation over that face of the building’s envelope is lower.

In the case of the ground floor, the maximum occurs during the
months of April and August, considerable different from the upper
floors. Although this phenomenon was previously explained, in
this case it is also related to another factor: the conditioning effect
of the nearby southern building.

3.3. Annual analysis

The analysis of annual irradiation that influences the different
facades that are considered for the model application shows great
variability in relation to orientation and height from the ground.

Global irradiance results (mean, maximum, minimum and stan-
dard deviation) are presented by facade and floor level on Table 2.
It should be remembered that while walls number 2, 4 and 6 are
the most favorable in terms of irradiance incidence, as they are
practically southward-oriented, walls number 1 and 5 present
the least favorable cases with a westward orientation (see Fig. 8).

In general, a major elevation of the points implies a major inci-
dence of solar irradiation. This is rather logical if one considers the
produced shade by nearby buildings. In addition, the values of
standard deviation become larger as the height of the points
increases. However, there are some peculiarities that are described
below.

Wall number 1 is a perfect example of a facade that receives lit-
tle irradiation throughout the year, as shown in Figs. 17 and 18.
The ground floor has an average irradiance value of 501 kW h/m2

and the highest floor has an average of 600 kW h/m2, which means
that there is a difference between them of less than a 20%.

The study of wall number 5 (Fig. 18), which presents the same
orientation as wall number 1, shows greater values of irradiation,
while it maintains the difference of 20% between the lower and
upper zones. This effect is explained by the influence of the west-
ern building, which is higher than in the case of the wall number 5,



Fig. 18. Annual global irradiation on facades results (ii).

Fig. 19. Annual results of global irradiation on facades (iii).
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which is not just affected by wall 1. In contrast, the influence of the
nearby southern building is almost irrelevant because of the wall
orientation.

Analyzing those walls that are equally oriented (numbers 2, 4
and 6), a lower irradiation level is observed on wall number 4. It
is due to the effect of shading produced by walls number 3 and
5. Walls number 2 and 6 receive a similar irradiation level,
although it is always lower in the case of wall number 2, since it
is closer to the nearby western building, which is higher than
southern building.

The analysis of wall number 2 reveals two remarkable points.
The first is that the gain between the upper and the lower floors
is about 46%, with 752 kW h/m2 on the ground floor and
1100 kW h/m2 on the 4th floor. The other important point is that
the irradiance values of the third and fourth floors reach values
that exceed 1000 kW h/m2. These values of irradiation could be
converted to 800 kW h/kWp of photovoltaic efficiency, assuming
an 80% performance ratio. An efficiency value of 800 kW h/kWp
is considered to be low, but regarding the progressive and contin-
ued reduction in costs of photovoltaic products, it could be eco-
nomically feasible in the near future. It is noteworthy that in
certain areas of northern Europe (e.g., the City of Copenhagen in
Denmark), where the commitment to renewable energy generation
is worldwide known, there are efficiency values of 990 kW h/kWp
for optimally-oriented planes [39].

The analysis of wall number 6 is similar to the one presented for
number 2, since they are equality oriented. The values of gain of
irradiation between top and bottom floors are about 44%, having
sufficiently high irradiance levels in certain areas to make it inter-
esting to locate photovoltaic elements over the building’s envelope
(above 1000 kW h/m2).

In the case of the wall number 4, as we get a farther perspective
from the areas of transition of facades, irradiation increases to
values that are similar to those found in walls 2 and 6, reaching
irradiation values that exceed 1000 kW h/m2.

Finally, it can be seen on Table 2 and in Fig. 19 that wall number
3 shows average irradiation values greater than those presented by
its parallel walls number 1 and 5. This is mainly due to the orien-
tation, because walls number 1 and 5 are northwest-oriented,
whereas wall number 3 faces southeast with an azimuth value of
105�.
4. Conclusions

Proper use of building facades for photovoltaic energy produc-
tion could provide 100% of the energy requirements of households
in cities. A previous analysis of building envelopes’ photovoltaic
potential is essential to design energy-efficient and environmen-
tally sustainable cities.

The proposed method enables one to estimate the solar irradi-
ance (kW h/m2) and to visualize it in every area of each facade of
a city by the use of LiDAR information and monthly irradiance data.
Results are stored on a 5-min basis so it is possible to perform
monthly or yearly analyses. The influence of the building’s own
shading and the one produced by nearby buildings is one of the
main effects of an increasing irradiation gradient as the upper
points are analyzed. However, the orientation of the facades has
been proven to be the most important influencing parameter to
obtain a higher irradiation value. Monthly analyses demonstrate
that the best-oriented facades have the greatest irradiance harvest-
ing during equinox months.

The algorithm has been validated on different building envel-
opes distributed around various geographical areas. Therefore, it
can be stated that it is perfectly extrapolated to any city where
LiDAR and solar irradiance information are available. Thus, the
solar irradiance over the buildings’ envelopes can be rigorously
analyzed, allowing to select the solution that best meets the trino-
mial performance/production/profitability in each building.

This algorithm succeeds in obtaining a map of solar radiation
captured by the envelope of any urban building (0.5 m grid resolu-
tion) using a new methodology that estimates the photovoltaic
power generation based on the geographic location and influence
of shading caused by adjacent buildings.

Arranging a solar irradiation map of the buildings of a city is a
valuable tool for sustainable urban planning with non-carbonized
criteria in important applications. Such applications may include:
(1) an analysis of energy efficiency of the building, (2) selection
of materials for the building envelope and insulation according to
the irradiation received in each point of the facade, (3) profitability
monitoring of the photovoltaic installation depending on its irradi-
ance zone, (4) adapting the esthetics of existing buildings accord-
ing to their irradiation (less monotonous facades), (5) buildings
restoration to improve the energy efficiency and the electric gener-
ation, (6) refurbishing and regenerating degraded urban areas or
(7) planning new sustainable energy developments.
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