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a b s t r a c t

Numerous studies have analyzed existing irradiance models for estimating sky diffuse irradiance on
tilted planes. However, few have evaluated the suitability of these models for estimating irradiance in
obstructed environments, specifically considering the effects of obstacles. In this study, three irradiance
models done of them with five variantsd for estimating diffuse irradiance on tilted planes located in
urban environments were evaluated. All models have been adapted to consider the effect of an urban
canyon on the diffuse irradiance received on a tilted plane through the sky view factor and the cir-
cumsolar view factor. All the models were evaluated against the diffuse irradiance values obtained by the
ISO 15469:2004(E)/CIE S 011/E:2003 angular distribution model. Therefore, it was necessary to deter-
mine the standard sky type corresponding to each record of the measurements performed by a sky
scanner at the radiometric station of UPNA (Spain). A total of 4,864 scenarios were considered to occur
from the combination of different orientations and inclinations of the plane, and different orientations
and aspect ratios of the urban canyon. The results revealed that the Perez model considering a 35� half-
angle circumsolar region has the best performance, followed by the Perez model considering a 45� half-
angle circumsolar region.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Nomenclature

ac urban canyon aspect ratio
bp plane tilt angle
gc urban canyon azimuth measured from due south,

increasing towards south-west
gi azimuth angle of a sky element i measured from due

south, increasing towards south-west
g0
i azimuth angle relative to the normal of the tilted plane

of a sky element i
gp plane azimuth angle measured from due south,

increasing towards south-west
gs azimuth angle of the sun measured from due south,

increasing towards south-west
, Public University of Navarre,

cía).

Ltd. This is an open access article u
D sky brightness parameter
ε sky clearness parameter
qi zenith angle relative to the zenith of a sky element i
q0i zenith angle relative to the normal of the tilted plane of

a sky element i
qz zenith angle of the sun
ci angle between the sun and a sky element i
ui solid angle subtended by a sky element i
a solid angle subtended by the circumsolar region,

weighted by its average incidence on the slope
AI anisotropy index
b solid angle subtended by the circumsolar region,

weighted by its average incidence on the horizontal
CVF circumsolar view factor
f indicatrix function
F1 circumsolar brightness coefficient
F2 horizon brightness coefficient
g gradation function
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gd horizontal diffuse irradiance relative to zenith
Gb,n direct normal irradiance (Wm�2)
Gd horizontal diffuse irradiance (Wm�2)
Gd,T tilted diffuse irradiance (Wm�2)
Gd,T,i,irr Gd,T value obtained by the irradiance model (Wm�2)
Gd,T,i,CIE Gd,T value obtained by the ISO/CIE model (Wm�2)
Gd;T ;CIE average of the Gd,T values obtained by the ISO/CIE model

(Wm�2)
li radiance relative to zenith of a sky element i
Li radiance of a sky element i (Wm�2sr�1)
M transformation matrix
n number of considered values of Gd,T
nc,h number of sky elements corresponding to the

circumsolar region projected onto a obstacle-free
horizontal plane

nc,T number of sky elements corresponding to the
circumsolar region projected onto a tilted plane

ns,h number of sky elements projected onto an obstacle-free
horizontal plane

ns,T number of sky elements projected onto a tilted plane
ri projected distance between the centroid of a cell

element an the center of the grid
SVF sky view factor
1. Introduction

Solar energy collectors are often installed on non-horizontal
surfaces, such as the inclined planes of photovoltaic modules or
thermal panels as well as those of building enclosures, e.g., vertical
facades. Notwithstanding, weather stations or satellites provide
global radiation data in the horizontal plane. This mismatch be-
tween the available radiation data and the data needed for the
collectors has led to the development of a number of models for the
conversion of global radiation from a horizontal to an inclined
plane. Over time, models have incorporated a more detailed
physical description of the problem, increasing their complexity
and computational demands. Recently, artificial intelligence tech-
niques have been applied to address this problem.

Early first-generation models, according to the classification of
Muneer et al. [1], made simple assumptions such as considering all
global radiation coming directly from the sun. It was soon proved,
though, that the different nature of the direct and diffuse compo-
nents of the radiation required specific, differentiated approaches.

Many irradiance models on a tilted plane, sometimes called
transposition models, that make use of irradiance data from
weather stations or satellite estimates, have been developed. In
these models, the global irradiance on a tilted plane results from
the sum of the direct, diffuse, and reflected irradiance from the
ground. The vastmajority of themodels address the computation of
the direct irradiance, which can be regarded as a strictly geometric
problem, in the same way. The radiation reflected from the ground
also exhibits a similar approach in all models, although there are
variations in the treatment of the surface albedo. It is in the
calculation of the diffuse component where the differences be-
tween models are found. In this sense, it is widely accepted that
irradiancemodels can be classified into twomajor groups: isotropic
and pseudo-isotropic models (Liu and Jordan [2], Koronakis [3],
Tian et al. [4], Badescu [5]) and anisotropic models (Temps and
Coulson [6], Bugler [7], Klucher [8], Steven and Unsworth [9], Hay
and Davies [10], Willmott [11], Ma and Iqbal [12], Skartveit et al.
[13], Gueymard [14,15], Perez et al. [16,17], Saluja and Muneer [18],
Reindl et al. [19], Muneer [20,21]). In the former, it is assumed that
the entire sky dome radiates with the same intensity; in other
words, radiance remains constant throughout the sky dome,
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excluding the solar disk. In the latter, anisotropy is tackled with
anisotropy indices that describe the varying radiancewithin the sky
dome. In practice, however, some models only establish a reduced
number of differentiated zones of the sky, such as the background,
circumsolar or horizon, where the radiance remains uniform
despite being different from the others. Others consider a func-
tional dependence of the radiance with the cosine of the zenith
angle but retain the azimuthal invariance. A time line of the pub-
lication dates of these models is shown in Fig. 1.

The performance of these models have been tested for
numerous locations and sky conditions. Table 1 provides a review
of some studies that have evaluated both isotropic and anisotropic
irradiance models at different locations and with different ar-
rangements of the tilted plane. All these studies show that,
although no single model clearly outperforms the others for all
locations and sky conditions, anisotropic models generally provide
a better fit to experimental data. Among anisotropics, Perez's model
[17] is usually well positioned, making it a widely used model that
has been incorporated into the algorithms of databases such as
Meteonorm [22].

All these models were developed or analyzed under astro-
nomical horizon conditions, without regard of the presence of
obstacles that could influence the irradiance on a tilted plane. This
is however a key issue concerning solar resources in urban envi-
ronments. In these environments, it is foreseeable that the initial
formulation of these models must be reexamined or that models
with a different initial approach have to be devised, focusing
especially on the calculation of the diffuse component of the solar
irradiance.

In their work on the evaluation of energy production from
building-integrated photovoltaic systems in urban environments,
Costanzo et al. [57] pointed out that irradiance methods for esti-
mating radiation on a tilted plane fail to take into account the
obstruction of solar radiation by obstacles or nearby buildings.
Taking obstacles into account can be easily done in case of the
direct component of the solar radiation, simply setting the direct
irradiance to zero when the obstacle blocks the solar disk from
view. It is the diffuse component that requires a more sophisticated
approach. As a first approximation, assuming that the diffuse sky
irradiance on the horizontal plane comes from the whole visible
hemisphere, it is possible to consider only the proportion of this
hemisphere that is clearly visible from the collection plane, dis-
counting the part hidden by obstacles. This is traditionally evalu-
ated using the sky view factor (SVF) [58,59] like in Redweik et al.
[60] that used the SVF to determine the diffuse irradiance on fa-
cades and roofs in an urban environment. They considered the
diffuse irradiance to be the result of the integration of radiances
from 1,081 non-uniformly distributed radiation sources, adopting
the proposal of Ratti and Richens [61]. Here, the authors assumed
that sky radiance was isotropic. However, the use of such a strictly
geometric SVF does not take into account that sky radiance actually
has an anisotropic character, with values that can significantly vary
between nearby points, depending on the sky conditions.

A different approach would be to integrate the radiance con-
tributions from the different points of the sky dome. This requires
the knowledge of the angular distribution of radiance that can be
recorded experimentally by means of sky scanners, which are un-
common equipment inweather stations, or estimated with existing
angular distribution models.

With regard to the use of sky scanners, it was pointed out in
K�omar and Kocifaj [62] that for the estimation of illuminance on
vertical surfaces, the field of view should be less than 10�. Gracia
et al. [63] compared four models with similar results for all of them.
Vartiainen [64] compared the results obtained by five irradiance
models and six radiance models with measurements made in an



Fig. 1. Timeline of the publication dates of the main irradiance models.

Table 1
Summary of irradiance model evaluation studies.

Study and
Location/s

Evaluated Irradiance models Plane’s azimuth and tilt angle Best performing model/s

Soga et al. [23]
Sapporo, Tokyo,

and Fukuoka
(Japan)

Isotropic: [24].
Anisotropic: [17], [19], [25], [26], [27, 28].

Vertical planes facing N, S, E, W. Perez et al. [17]

Notton et al. [29]
Ajaccio (France)

Isotropic: [2], [3], [30].
Anisotropic: [6], [7], [8], [11], [12], [13], [14, 15],
[16, 17, 31], [19], [20, 21], [25], [32].

0� , 45� , and 60� tilted planes.
Planes’ azimuth not specified.

Perez et al. [31, 16, 17], Ma and Iqbal [12],
Klucher [8], Hay [25], Willmott [11], and
Skartveit et al. [13].

Gueymard [33]
Golden (USA)

Isotropic (source not specified).
Anisotropic: [1], [8], [13], [15, 34], [17], [19],
[35], [36], [37].

40� tilted plane facing south.
90� tilted plane facing N, S, E, W.
2-axis sun tracking plane.

Gueymard [15, 34] and Perez et al. [17].

Noorian et al. [38]
Karaj (Iran)

Isotropic: [2], [3], [4], [5].
Anisotropic: [6], [8], [13], [16], [17], [19], [35],
[39].

South-facing plane tilted at 45� and west-facing tilted at
40� .

South-facing planes: Reindl et al. [19], Hay
[35], Skartveit et al. [13], and Perez et al.
[17].
West-facing planes: Perez et al. [17].

Evseev and
Kudish [40]

Beer Sheva
(Israel)

Isotropic: [2].
Anisotropic: [6], [8], [11], [12], [13], [15, 34],
[19], [25], [31, 17], [41].

South-oriented plane tilted at 40� . Clear and partly cloudy skies: Ma and Iqbal
[12].
Overcast skies: Muneer [41].

Khalil and Shaffie
[42]

Cairo (Egypt)

Isotropic: [2], [3], [4], [5].
Anisotropic: [6], [8], [13], [16], [17], [19], [35],
[39].

South-oriented planes tilted at 0� , 15� , 30� , 45� , 60� , 75� ,
and 90� .

South-facing planes: Perez et al. [17], Hay
[35], and Skartveit et al. [13].
West-facing planes: Hay [35] and Perez
et al. [17].

Demain et al. [43]
Uccle (Belgium)

Isotropic: [2], [3], [5].
Anisotropic: [6], [7], [11], [12], [13], [15], [16],
[19], [25], [41].

South-oriented plane tilted at 50.79� . Bugler [7] but proposed a new coupled
model combining Perez et al. [16], Bugler
[7], and Willmott [11] models.

Yao et al. [44]
Shanghai (China)

Isotropic: [24].
Anisotropic: [1], [6], [8], [13], [15], [17], [19],
[35], [44].

30� ,45� ,60� and 90� tilted planes facing N, S, E, W. Perez et al. [17] and NADR [44].

Mubarak et al.
[45]

Hannover
(Germany) and
Golden (USA)

Isotropic: [2].
Anisotropic: [8], [10], [17], [19].

Hannover: 90� tilted planes facing N, S, E, W, SE, and SW
and planes facing south tilted at 0� , 10� , 20� , 30� , 40� ,
50� , 60� , 70� .
Golden: 40� tilted plane facing south and vertically tilted
planes facing N, S, E, W.

Sunny locations: Perez et al. [17].
South-facing tilted planes under cloudy
skies: Hay and Davies [10] and Reindl et al.
[19].

de Sim�on-Martín
et al. [46]

Burgos (Spain) (*)

Isotropic: [2], [3], [4], [5].
Anisotropic: [6], [8], [11], [12], [13], [15, 47], [16,
17], [19], [39], [48], [49], [50], [51, 20], [52], [53,
54, 55].

Vertical planes facing N, S, E, W. Artificial intelligencemodels and Perez et al.
[17], with locally calibrated coefficients.

García et al. [56]
Pamplona (Spain)

Isotropic: [2], [3], [4], [5].
Anisotropic: [1], [6], [7], [8], [9, 39], [10], [11],
[12], [15], [16], [17], [19], [43], [44], [53, 55].

26� , 42� , 64� and 90� tilted planes facing N, E, S, W Perez et al. [17]

(*) de Sim�on-Martín et al. [46] also evaluated 6 angular radiance distribution models and 4 artificial intelligence models.
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open environment in Turku (Finland). Radiance models are more
complex than irradiance models due to they consider the angular
distribution of radiance in the sky vault. Therefore, the estimation
of tilted diffuse irradiance requires the integration, on the tilted
plane, of the radiance values corresponding to the sky elements
visible from such surface. It was found that the All-weather [65]
model had the best performance, being the only radiance model
that showed a significant reduction in RMSE compared with the
Perez et al. [31] model, which was the best among the irradiance
models.

To estimate the diffuse irradiance on vertical surfaces in the
presence of obstacles and under anisotropic sky conditions, Ivanova
[66] proposed a modification of Muneer's irradiance model [21] for
surfaces under clear skies. They defined the anisotropic background
SVF (ABSVF) to include the dependence of the sky background
radiance with the zenith angle, following the proposal of Steven
and Unsworth [39]. They however still considered the circumsolar
radiation as coming from a single point. One of these procedures
was used by Clarke et al. [67] in their model for estimating the
radiation on a tilted plane, called the sky radiance distribution
model (SRDM). In this model, the radiance of each of the 145
patches into which the sky dome was divided, was estimated using
Perez et al. [17] resulting that the SRDM's RMSEwas 11% lower than
that of Muneer's model.

Recently, Ivanova and Gueymard [68] modeled the anisotropic
radiance in open and urban environments using the All-sky model
for luminance and radiance from Igawa [69], including the inter-
action of obstacles with direct and diffuse radiation through an
orthographic projection of the whole sky dome. The authors
claimed that the proposed method could be used to generate long
time-series of irradiance values in any plane of a complex envi-
ronment (e.g., urban environment) with greater precision than
previous approaches using the isotropic SVF. Their proposal has
been integrated in an improvement of the existing SOLARES soft-
ware, which permits different levels of discretization of the sky
dome.

In summary, numerous studies have tested existing models for
the estimation of the irradiance on tilted planes. However, there are
still very few studies concerning model performance in the
increasingly interesting case of obstructed environments, specif-
ically with regard to the effect of obstacles on the diffuse compo-
nent of global irradiance. The authors’ research interest focuses on
estimating the solar resource on planes located in urban environ-
ments. In most of thementioned, nowadays widely used, irradiance
models the treatment of the direct and reflected components of the
irradiance received on the tilted plane is exactly the same. The
difference between these models lies in the estimation of the
diffuse component of the sky irradiance, which can determine their
global performance. For this reason, the present work tries to
reduce the existing gap of knowledge in the context of diffuse
irradiance modeling in urban environments, by evaluating three
irradiance models done of them with five variantsd on a tilted
plane in obstructed environments. The original formulation of
these models was modified to consider the effect of obstructions on
the diffuse irradiance received on the tilted plane in a complex
environment.

To analyze the behavior of irradiance models when they are
faced with urban configurations of varying complexity, the idea of
an urban canyon [70] has been used and adopted here as an
archetype of the real urban environment. Regardless of the degree
of similarity of the urban canyonwith a specific urban environment
dsince the number of possible urban configurations is endlessd,
the use of this geometric simplification gives a clear insight into the
behavior of the models’ performance as a function of the level of
obstruction of the environment.
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The SVF has been used to introduce the effect of the urban
canyon on the diffuse isotropic background irradiance and the
circumsolar view factor (CVF) to consider the effect on the cir-
cumsolar region. A procedure for calculating the SVF and CVF, based
on the orthographic projection of the sky on the tilted plane of
interest is proposed. Taking into account the positions of the plane
and the different configurations of the urban canyon, 4,864 sce-
narios were considered. For each scenario and model, predictions
were compared with the reference irradiance provided by the
model proposed in the CIE Standard General Sky [71] and obtained
from the measured angular distribution of sky radiance in 5,396
different sky conditions comprising the 15 types of ISO/CIE stan-
dard skies.

This paper is organized into five sections and two appendices.
The meteorological data, the measurement equipment and the
quality control procedures are detailed in Section 2. Section 3 de-
scribes the general methodology applied. Section 4 presents the
results obtained by the evaluated models in the different scenarios
as well as their overall ranking scores. The conclusions are detailed
in Section 5. The methodology proposed for the projection of the
sky radiance distribution onto a generic tilted plane is detailed in
Appendix A. Appendix B describes the proposed methodology for
the calculation of SVF and CVF.

2. Meteorological data

The data used in this study were collected from the radiometric
station of the UPNA, located on the roof of one of the buildings of
the Higher Technical School of Agricultural Engineering and Bio-
sciences (42�4703200 N, 1�3704500 W, 435 m a.s.l.) in Pamplona
(Spain). The study of the visible horizon revealed that the elevation
does not exceed 6� in any direction. The data series consist in 6,767
observations made between July and December 2018. Measured
variables include 1-min frequency data of global irradiance on the
horizontal plane, using a Kipp & Zonen CM11 pyranometer, diffuse
irradiance on the horizontal plane with a Kipp & Zonen CM11
pyranometer with a shadow ball, and direct normal irradiance with
a Kipp & Zonen CH1 pyrheliometer. All three instruments were
mounted on a Kipp & Zonen 2AP solar tracker. In addition, the
angular distribution of sky radiance was measured every 10 min
using an EKO MS-321LR sky scanner. This scanning device records
the radiance and luminance values of 145, approximately uniformly
distributed sky patches according to the CIE recommendation [72].

Both irradiance and angular distribution measurements corre-
sponding to solar elevations below 5� were discarded. Irradiance
measurements were further subjected to the quality control pro-
cedure proposed by the MESoR project [73]. In the case of angular
distribution of radiance, quality control was based in three criteria.
First, all measurements of individual sky patches with values
outside the measurement range of the sky scanner (0e300
Wm�2sr�1) were discarded. Second, all measurements of sky
patcheswhose center was less than 6� from the sunwere discarded,
since the sun's radiance exceeded the sky scanner's maximum
measurable value. Third, all measurements whose integration on
the horizontal plane deviated by more than 30% from the diffuse
irradiancemeasured in the same time periodwere also discarded in
accordance with the quality control test applied by Li et al. [74] to
radiance and luminance measurements.

3. Methodology

The general methodology consists of: (1) the estimation of the
diffuse irradiance on the tilted plane from the measured angular
distribution of radiance and the ISO/CIE model, considering the
obstruction provided by the urban canyon; (2) obtaining the diffuse



Fig. 2. Definition of the geometry (ac) and orientation (gc) of the urban canyon.
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irradiance predicted by each of the irradiance models, modified to
include the effect of obstructions on the diffuse component; and (3)
the comparison of model predictions with the reference irradiance
values given by the ISO/CIE angular distribution model.

This methodology was applied to a total of 4,864 scenarios
resulting from the combination of 8 different orientations (gp) and
19 inclinations (bp) of the tilted plane and 4 orientations (gc) and 8
aspect ratios (ac) of the urban canyon, listed in Table 2. The aspect
ratio is considered as the quotient of the height and width of the
urban canyon, as shown in Fig. 2. A large number of scenarios were
considered to cover as many situations as possible that can occur in
a real urban environment. For all scenarios, the tilted plane of in-
terest was considered to be in the center of the urban canyon, i.e.,
equidistant to the two facades that delimit the canyon.

The ISO/CIE angular distribution model was used to obtain the
reference diffuse irradiancedagainst which values provided by the
analyzed irradiance models were comparedd because of two
fundamental reasons. The first is the practical imposibility to install
irradiance sensors in such a large number of considered scenarios.
The second is to overcome data discontinuities resulting from the
saturation of the sky scanner measurements of angular distribution
of radiance in those patches close to the sun, as explained in Section
2. The measurements of angular distribution of radiance were used
to characterize the state of the sky according to the ISO/CIE stan-
dard. In this way, it was possible to determine the theoretical ISO/
CIE radiance distribution closest to the real, measured distribution.
Then, the model proposed in the standard was used to obtain a
continuous distribution of radiance in the sky according to the ISO/
CIE sky-type obtained. It could be argued that the ISO/CIE model is
designed to describe the luminance distribution of the sky and not
the radiance. However García et al. [75] found that classification in
sky types from radiance and luminance measurements gives an
exact match for nearly 60% of the cases and reaches 90% when, in
addition to the matching classifications, the differences of 1 and 2
sky types are considered.

All the models used in this study were programmed in Wolfram
Mathematica® and executed in the Computing Cluster of the UPNA
Research Institutes.

3.1. Estimation of the diffuse irradiance on the tilted plane by the
ISO/CIE angular distribution model

Fig. 3 summarizes the procedure for estimating the diffuse
irradiance on the tilted plane from the ISO/CIE angular distribution
model. For each record in the data series, the sky type was first
classified according to the ISO/CIE standard using the RZL method
proposed by García et al. [75]. It is common for some of the skies
classified as overcast to show an excessively high direct irradiance
on the normal plane (Gb,n), or for skies classified as clear to show
abnormally low values of Gb,n. These skies are known as opposite
skies, as opposed to normal skies. Following the ISO/CIE classifica-
tion, we distinguished between normal and opposite skies accord-
ing to the criteria of Bartzokas et al. [76], i.e., Gb,n � 120Wm�2 for
sky types 1e6 and Gb,n < 120Wm�2 for sky types 7e5. Opposite
skies were discarded in this study.

The projection of the radiance relative to the zenith of a series of
Table 2
Considered configurations of the urban canyon and tilted plane.

Variable Initial value Final value Increment Cases

Urban canyon azimuth (gc) 0� 135� 45� 4
Urban canyon aspect ratio (ac) 0.5 4 0.5 8
Plane tilt angle (bp) 0� 90� 5� 19
Plane azimuth (gp) �180� 135� 45� 8
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sky elements was calculated by the ISO/CIE model on the plane of
interest, defined by its azimuth and tilt angles. For this purpose, a
grid consisting of 1000 � 1000 square cells located on the tilted
plane was considered. Each of these cells corresponds to the
orthographic projection of a sky element onto that plane. Since the
orthographic projection of the entire sky vault corresponds to a
circle, only 782,268 grid cells enclosed by that circle are effective
calculation cells. The procedure used to project the radiance rela-
tive to the zenith onto the inclined plane, for a given sky element, is
detailed in Appendix A.

The projection of the absolute radiance distribution onto the
tilted plane can be obtained by multiplying the relative radiance
calculated for each cell of the grid by the zenith radiance. To ensure
the consistency between the angular distribution of absolute
radiance and the integrated, measured diffuse irradiance on the
horizontal plane, the multiplicative factor was obtained according
to the following procedure (see Fig. 3):

1. Calculation of the projection onto the horizontal plane of the
angular distribution of the radiance relative to the zenith cor-
responding to the obtained ISO/CIE sky type.

2. Obtaining the horizontal diffuse irradiance relative to the zenith
(gd) as the sum of the calculated relative radiance values (li)
corresponding to the sky elements projected onto the horizontal
plane, according to Equation (1).

gd ¼
XN
i¼1

licosðq0iÞui; (1)
where ui is the solid angle subtended by the sky element i, as
seen from the tilted plane. The summation extends to the N grid
cells corresponding to the effective calculation cells, excluding
those cells within the 2.5� region around the sun's position that
was obstructed by the shadow ball used in the measurement of
the diffuse irradiance on the horizontal plane.

Because an orthographic projection is used, the product of
cosðq0iÞui is simply a constant k. Therefore, Equation (1) can be
rewritten as Equation (2) with gd equal to the product of the



Fig. 3. Methodology for the estimation of diffuse irradiance on the tilted plane using the ISO/CIE model.
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constant k times the sum of the relative radiance li of the N sky
elements visible from the tilted plane.

gd ¼ k
XN
i¼1

li: (2)
3. Obtaining the conversion factor by the quotient of the Gd

measured by the pyranometer with a shadow ball, and the
calculated gd.

4. Determination of the absolute radiance values corresponding to
the projection of the grid sky elements onto the inclined plane
as the product of the conversion factor and the relative radiance
values.

At this point, the integration of the angular distribution values of
absolute radiance projected onto the tilted planewould correspond
to the diffuse irradiance values on the inclined plane in an obstacle-
free environment. However, the objective of this study is to eval-
uate the behavior of irradiance models in the presence of obstacles.
To take into account the effect of the urban canyon on the diffuse
irradiance on an inclined plane placed inside it, those sky elements
hidden fromview by the urban canyonmust be eliminated from the
summation. For this, a procedure similar to that described in
Appendix A was followed. That is, the urban canyon was projected
onto the tilted plane according to the defined grid. In this case, grid
cells take the value 1 if the centroid of the sky element is visible
from the tilted plane, and 0 if it is obstructed by the urban canyon.
Finally, the values of the absolute radiance grid and those of the sky
visibility grid were multiplied element by element. The sum of the
resulting grid values corresponds to the incident diffuse irradiance
on an inclined plane inside the urban canyon. As an example, Fig. 4
shows the projection of the angular distribution of radiance
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corresponding to the ISO/CIE sky standard 7 onto an obstacle-free
tilted plane (Fig. 4a), as well as the projection of five urban can-
yons with different aspect ratios (Fig. 4b to f).
3.2. Estimation of diffuse irradiance on the inclined plane by the
modified irradiance models

The evaluatedmodels for estimating the diffuse irradiance on an
inclined plane, modified for obstructed environments, are listed in
Table 3. Model selection, from among those cited in Section 1, was
based on the possibility of integrating into their formulation the
effect of the urban canyon or any other type of obstruction on the
diffuse irradiance on a tilted plane. Studied models include an
isotropic sky model (i.e., the Liu and Jordan [2] model), and six
anisotropic sky models including the Hay and Davies [10] model,
with a point source circumsolar region, and five variants of the
Perez et al. [16] model. The five variants of the Perez model differ in
the aperture angle of the circumsolar region. In particular, aperture
angles in Perez et al. [16] (point source, 15�, 25� and 35�) as well as
an additional 45� half-angle circumsolar region have been consid-
ered. In Perez's models coefficients from Perez et al. [17] were used
in case of the point-source circumsolar model and coefficients from
Perez et al. [16] in the case of non-pointlike circumsolar region.
Likewise, as can be seen in Section 1, the Perez model is one of best
performing irradiance models in the model evaluations carried out
so far.

In their original formulation, all these models take into account
the effect of the inclination of the plane on the received irradiance,
without regard of possible obstructions. In consequence, they must
bemodified in order to consider the effect of the urban canyon. This
has been done by means of two view factors. Specifically, the
isotropic component of these models was modified through the
SVF, the ratio of the diffuse irradiance on a tilted plane and on a



Fig. 4. Projection of the ISO/CIE sky standard 7 onto a plane with an inclination bp ¼ 60� and an azimuth gp ¼ �45� , located in the center of the urban canyon, when the sun has a
solar zenith angle qz ¼ 60� and a solar azimuth gs ¼ �45� , considering different aspect ratios of the urban canyon. The diffuse irradiance on the inclined plane (Gd,T) is included at
the bottom of each figure. The black-shaded area corresponds to the visible part of the ground as a consequence of the inclination of the plane. The gray-shaded area corresponds to
the projection of the urban canyon onto the tilted plane.

Table 3
Evaluated irradiance models.

Model Model type Reference Year Circumsolar region half-angle (�)

LiueJordan Isotropic Liu and Jordan [2] 1961 No
HayeDavies Anisotropic Hay and Davies [10] 1980 Point source
Perez1 Anisotropic Perez et al. [17] 1990 Point source
Perez2 Anisotropic Perez et al. [16] 1987 15�

Perez3 Anisotropic Perez et al. [16] 1987 25�

Perez4 Anisotropic Perez et al. [16] 1987 35�

Perez5 Anisotropic Perez et al. [16] 1987 45�
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horizontal plane for an isotropic distribution of the sky radiance.
The CVF, the ratio of the circumsolar irradiance received on a tilted
plane and on a horizontal plane, was used to include the effect of
obstacles in those models including an explicit term for the cir-
cumsolar component. In models that consider a point-source cir-
cumsolar region the CVF cannot be used and the original
formulationwas retained for this component. The modified version
of each model is presented in Sections 3.2.1e3.2.3. A procedure for
calculating the SVF and CVF in the presence of obstacles, based on
the comparison of the projection of both sky regions onto a hori-
zontal plane and tilted plane of interest, is detailed in Appendix B.
3.2.1. The modified LiueJordan model
Equation (3) shows the original formulation of the Liu and
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Jordan [2] model for calculating Gd,T considering an isotropic dis-
tribution of sky radiance.

Gd;T ¼ Gd

�
1þ cos bp

2

�
(3)

In the modified version proposed in this paper, Equation (4), the

factor
�
1þ cos bp

�.
2 is replaced by the SVF value corresponding to

each plane arrangement and the characteristics of the urban
canyon.

Gd;T ¼ GdSVF: (4)



Fig. 5. Observed frequency of occurrence of each sky type in the dataset, according to
the CIE Standard General Sky classification [71].
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3.2.2. The modified HayeDavies model
This model considers the irradiance coming from the isotropic

background and from a pointlike circumsolar region concentrated
at the sun's position. The original version of the Hay and Davies [10]
model is shown in Equation (5).

Gd;T ¼ Gd

�
ð1� AIÞ

�
1þ cos bp

2

�
þ AI

cos i
cos qz

�
; (5)

where the anisotropy index AI is the ratio between Gb,n and the
normal extraterrestrial irradiance (G0,n)

As in the precedingmodel, in ourmodified version, Equation (6),

the factor
�
1þ cos bp

�.
2 is replaced by the SVF.

Gd;T ¼ Gd

�
ð1� AIÞSVF þ AI

cos i
cos qz

�
(6)

3.2.3. The modified Perez model
The original model published by Perez et al. [16] is shown in

Equation (7). The three terms in this equation correspond to the
diffuse irradiance from the isotropic background region, the cir-
cumsolar region and the contribution of the horizon brightness.

Gd;T ¼ Gd

�
ð1� F1Þ

�
1þ cos bp

2

�
þ F1

a
b
þ F2sin bp

�
; (7)

where F1 is the circumsolar brightness coefficient; F2 is the horizon
brightness coefficient; a is the solid angle subtended by the cir-
cumsolar region, weighted by its average incidence on the slope;
and b is the solid angle subtended by the circumsolar region,
weighted by its average incidence on the horizontal. Coefficients F1
and F2 depend on two parameters used to characterize the sky
conditions at a given time: sky clearness (ε) and sky brightness (D).

In our proposal, the first term, the contribution of the isotropic
background, is modified exactly as in the previous models,

replacing the factor
�
1þ cos bp

�.
2 by the SVF. In the case of the

circumsolar component, the factor a/b is replaced by the CVF.
Finally, the term related to the horizon brightness is eliminated, in
the understanding that this sky region will be obstructed, almost
completely, by the urban canyon. Therefore, the modified Perez
model is given by Equation (8).

Gd;T ¼ Gd½ð1� F1ÞSVF þ F1CVF � (8)

4. Results and discussion

4.1. Sky classification according to ISO/CIE standard

After the application of the RZL sky classification method, it was
observed that the opposite skies accounted for 19.91% of sky types
1e6 and 8.65% of sky types 7e15. Opposite skies were discarded
and, out of the 6,767 measurements initially recorded, the
remaining 5,396 normal skies conformed the data set used in this
study. Within this data set, the frequency of occurrence of each ISO/
CIE sky type is shown in Fig. 5. During the studied period of time,
24.81% overcast skies (types 1e5), 19.14% intermediate skies (types
6e10), and 56.04% clear skies (types 11e15) were observed.

4.2. Evaluation of modified irradiance models

For each record in the data set, once the ISO/CIE sky type was
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identified, the diffuse irradiance on the tilted planewas determined
by the ISO/CIE radiance angular distribution model for each of the
4,864 scenarios considered. These irradiance values were used as
the reference against which the irradiance estimates provided by
the modified irradiance models described in Sections 3.2.1e3.2.3
were compared. For each scenario and modified model, the per-
formance was evaluated with the rRMSE, according to Equation (9).

rRMSEð%Þ ¼ 100

G
̄

d;T;CIE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

	
Gd;T ;i;CIE � Gd;T ;i;irr


2
n

s
; (9)

where the summation extends to the n ¼ 5,396 normal skies in the
data set and, for each scenario i, Gd,T,i,CIE is the diffuse irradiance on
the tilted plane calculated from the ISO/CIE angular radiance dis-
tribution model and Gd,T,i,irr is the diffuse irradiance on the tilted

plane given by the modified irradiance model. Finally G
̄

d;T ;CIE is the
average value of Gd,T,i,CIE over the n scenarios.

As an example, Fig. 6 shows the errors obtained by each irra-
diance model for particular orientations of the inclined plane
(gp ¼ �90�) and of the urban canyon (gc ¼ 135�, NW-SE). Each
graph in Fig. 6 shows, for a given model, a two dimensional contour
plot of the rRMSE values as a function of the plane tilt angle (bp) and
canyon aspect ratio (ac). In the example shown in Fig. 6 rRMSE in-
creases with ac and bp. This effect is most evident in the twomodels
that consider a point-source circumsolar region (HayeDavies and
Perez1), where rRMSE values reached 200%. The Perez4 model
obtained the lowest errors. The isotropic sky model (LiueJordan)
showed a good performance, better than that of anisotropic models
that consider a point-source circumsolar region.

Fig. 7 shows an analogous example to that depicted in Fig. 6, in
this case for a gp ¼ �90� and a gc ¼ 135� (NE-SW). A different
pattern is shown here than in the previous example, which is
particularly noticeable in the HayeDavies and Perez1 models. In
these cases, the highest rRMSE values are found for plane tilt angles
close to 0� and high values of ac.

Similar plots, not shown here owing to space limitations, have
been constructed for the other 30 combinations of gp and gc.
Several trends can be identified in the qualitative and quantitative
analysis of these plots. In particular, there are two features that can
be linked to the sky data set. Firstly, plots corresponding to pairs of
scenarios with orientations that are symmetric with respect to the
NeS axis, for instance the scenario with gp ¼ �45� and gc ¼ 0� and
the scenario with gp ¼ 45� and gc ¼ 0�, are almost identical.



Fig. 6. rRMSE (%) values of tilted diffuse irradiance obtained by each model for the different bp and ac combinations considering a gp of � 90� and a gc of 135� (NW-SE).
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Actually, this is the expected result for a statistically representative
sample of all possible sun's azimuths and sky conditions and it can
be regarded as a confirmation that our data set is not biased in
azimuth. Secondly, it is found that, independently of the urban
canyon orientation and of the particular model, rRMSE values tend
to increase with increasing tilt angles (bp) for southern oriented
planes (gp ¼ 0�, � 45�, 45�). Conversely, rRMSE values tend to
decrease with increasing tilt angles for northern oriented planes
(gp ¼�180�,�135�, 135�). This behavior is clearly a consequence of
the site latitude (42�4703200 N), where the sun's daily path is mainly
constrained within southern azimuths (�90� � gs � 90�). Finally, a
third feature, not connected with the particular site, is the positive
correlation between rRMSE values and the aspect ratio ac. Setting
aside the evident differences in absolute rRMSE values, this positive
1202
correlation pertains to all models, canyon orientations and tilt an-
gles. It must be therefore regarded as a genuine effect of the urban
canyon characteristics.

Data in those 32 plots like Figs. 6 and 7 can be summarized in a
more concise form calculating the abridged rRMSE values that take
into account, in addition to all sky conditions in the data set, all
possible orientations and inclinations of the plane. In this way,
model's performance at a given urban canyon orientation (gc) and
aspect ratio (ac) can be quantified. The resulting rRMSE values are
shown in Tables 4e7. Each table corresponds to one of the studied
values of gc and lists the rRMSE values for each model and canyon
aspect ratio ac. For each ac, models have been ranked according to
their rRMSE values and their rank order is shown in brackets. It can
be seen that Perez4 model (35� half-angle circumsolar region) is



Fig. 7. rRMSE (%) values of tilted diffuse irradiance obtained by each model for the different bp and ac combinations considering a gp of � 90� and a gc of 45� (NE-SW).

Table 4
rRMSE (%) values of tilted diffuse irradiance obtained by each model for different ac considering a gc of 0� (NeS). For each ac, model rank scores are shown in parenthesis.

ac LiueJordan HayeDavies Perez1 Perez2 Perez3 Perez4 Perez5

0.5 30.25 (7) 29.45 (6) 28.24 (5) 20.15 (3) 16.55 (1) 18.02 (2) 20.82 (4)
1.0 35.15 (5) 45.47 (6) 47.85 (7) 32.96 (4) 23.89 (3) 20.87 (1) 23.42 (2)
1.5 37.28 (4) 60.05 (6) 65.10 (7) 41.88 (5) 27.90 (3) 22.50 (1) 24.74 (2)
2.0 38.27 (4) 74.20 (6) 81.15 (7) 47.52 (5) 30.25 (3) 23.60 (1) 25.52 (2)
2.5 38.78 (4) 85.45 (6) 94.25 (7) 51.14 (5) 31.71 (3) 24.36 (1) 25.99 (2)
3.0 39.08 (4) 94.82 (6) 105.34 (7) 53.55 (5) 32.70 (3) 24.89 (1) 26.31 (2)
3.5 39.29 (4) 104.49 (6) 116.22 (7) 55.25 (5) 33.40 (3) 25.28 (1) 26.55 (2)
4.0 39.41 (4) 111.68 (6) 125.91 (7) 56.36 (5) 33.87 (3) 25.55 (1) 26.70 (2)
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the best performing model, except for the particular value gc ¼ 90�,
where Perez5 model (45� half-angle circumsolar region) is slightly
better. For ac ¼ 0.5, Perez3 model (25� half-angle circumsolar re-
gion) is always ranked in first position. In general, the LiueJordan
model occupies an intermediate position in the classification.
1203
Finally, in line with the work of Yang [77], a linear ranking
method [78] was used to classify the models according to their
rRMSE. From the partial classifications corresponding to each sce-
nario, the global classification (Ri) was obtained for each ac and for
the set of all scenarios by Equation (10).



Table 5
rRMSE (%) values of tilted diffuse irradiance obtained by each model for different ac considering a gc of 45� (SW-NE). For each ac, model rank scores are shown in parenthesis.

ac LiueJordan HayeDavies Perez1 Perez2 Perez3 Perez4 Perez5

0.5 28.99 (5) 30.97 (7) 30.31 (6) 20.81 (4) 16.36 (1) 17.79 (2) 20.19 (3)
1.0 32.97 (4) 47.92 (6) 49.82 (7) 33.42 (5) 23.85 (3) 20.52 (1) 22.27 (2)
1.5 34.94 (4) 61.88 (6) 64.54 (7) 42.18 (5) 28.08 (3) 21.74 (1) 23.38 (2)
2.0 35.87 (4) 74.98 (6) 77.98 (7) 47.22 (5) 30.42 (3) 22.68 (1) 24.08 (2)
2.5 36.36 (4) 87.08 (6) 90.21 (7) 50.14 (5) 31.83 (3) 23.39 (1) 24.54 (2)
3.0 36.64 (4) 98.05 (6) 101.17 (7) 52.07 (5) 32.77 (3) 23.94 (1) 24.87 (2)
3.5 36.84 (4) 108.31 (6) 110.85 (7) 53.44 (5) 33.45 (3) 24.36 (1) 25.13 (2)
4.0 36.95 (4) 118.71 (6) 120.41 (7) 54.36 (5) 33.91 (3) 24.67 (1) 25.32 (2)

Table 6
rRMSE (%) values of tilted diffuse irradiance obtained by each model for different ac considering a gc of 90� (E-W). For each ac, model rank scores are shown in parenthesis.

ac LiueJordan HayeDavies Perez1 Perez2 Perez3 Perez4 Perez5

0.5 28.68 (5) 32.23 (7) 31.70 (6) 23.12 (4) 16.63 (1) 17.68 (2) 20.41 (3)
1.0 31.19 (5) 55.71 (6) 58.47 (7) 29.29 (4) 20.61 (3) 20.43 (2) 20.40 (1)
1.5 32.45 (4) 63.26 (6) 65.95 (7) 35.73 (5) 23.83 (3) 21.93 (2) 20.46 (1)
2.0 33.08 (4) 69.72 (6) 71.29 (7) 40.59 (5) 26.73 (3) 22.98 (2) 21.00 (1)
2.5 33.43 (4) 76.04 (6) 77.18 (7) 43.67 (5) 28.89 (3) 23.66 (2) 21.47 (1)
3.0 33.63 (4) 81.19 (6) 82.38 (7) 45.40 (5) 30.47 (3) 24.17 (2) 21.81 (1)
3.5 33.78 (4) 85.62 (6) 87.22 (7) 46.41 (5) 31.68 (3) 24.60 (2) 22.08 (1)
4.0 33.87 (4) 90.57 (6) 92.44 (7) 47.04 (5) 32.56 (3) 24.93 (2) 22.26 (1)

Table 7
rRMSE (%) values of tilted diffuse irradiance obtained by each model for different ac considering a gc of 135� (NW-SE). For each ac, model rank scores are shown in parenthesis.

ac LiueJordan HayeDavies Perez1 Perez2 Perez3 Perez4 Perez5

0.5 29.22 (5) 30.68 (7) 30.05 (6) 20.55 (3) 16.13 (1) 17.90 (2) 20.63 (4)
1.0 33.88 (5) 45.97 (6) 47.97 (7) 32.82 (4) 23.52 (3) 20.48 (1) 22.77 (2)
1.5 36.10 (4) 59.02 (6) 63.74 (7) 40.59 (5) 27.81 (3) 21.82 (1) 23.79 (2)
2.0 37.13 (4) 69.45 (6) 74.61 (7) 45.29 (5) 30.21 (3) 22.87 (1) 24.46 (2)
2.5 37.66 (4) 79.09 (6) 84.99 (7) 48.05 (5) 31.68 (3) 23.65 (1) 24.92 (2)
3.0 37.97 (4) 87.69 (6) 94.08 (7) 49.86 (5) 32.67 (3) 24.23 (1) 25.25 (2)
3.5 38.18 (4) 95.73 (6) 103.68 (7) 51.16 (5) 33.39 (3) 24.67 (1) 25.52 (2)
4.0 38.30 (4) 102.03 (6) 111.05 (7) 52.06 (5) 33.87 (3) 24.98 (1) 25.70 (2)

Table 8
Rank scores obtained by the models for each ac and overall ranking.

ac LiueJordan HayeDavies Perez1 Perez2 Perez3 Perez4 Perez5

0.5 5 7 6 3 1 2 4
1.0 5 6 7 4 3 1 2
1.5 4 6 7 5 3 1 2
2.0 4 6 7 5 3 1 2
2.5 4 6 7 5 3 1 2
3.0 4 6 7 5 3 1 2
3.5 4 6 7 5 3 1 2
4.0 4 6 7 5 3 1 2
Global 4 6 7 5 3 1 2
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Ri ¼
Xm!

j¼1

njvjðiÞ
n

; (10)

where vj, j¼ 1, 2,…,m! represents all possible rankings of them¼ 7
models, nj is the observed frequency of rank j, n ¼ Pm

j¼1nj and vjðiÞ
is the rank score given to the model i in the ranking j.

Linear ranking results, for each ac, as well as an overall rank
score that takes into account all the proposed scenarios, are shown
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in Table 8. These results confirm the good overall performance of
the Perez4 and Perez5 models, and the superiority of the Perez3
model for ac of 0.5.
5. Conclusions

A review of models for estimating diffuse irradiance on inclined
planes highlighted the necessity of developing suitable models that
take into consideration the effect of obstacles in obstructed urban
environments. Three diffuse irradiance models (LiueJordan,
HayeDavies and Perez) have been modified accordingly by
including two proposed view factors to consider the effect of the
urban canyon on the diffuse isotropic background irradiance (SVF)
and on the circumsolar region (CVF). As a result, three modified
irradiance models done of them with five variantsd have been
obtained.

After applying the ISO/CIE standard to radiance measurements
in Pamplona, 5,396 sky types have been obtained for estimating the
diffuse irradiance reference value. In this case, most skies (56%)
have been classified as clear, 19% as intermediate and almost 25% as
overcast. It should be noted that a different sky classification, due to
other climatic conditions, might affect the results of the evaluation
of the modified irradiance models. Therefore, the influence of the
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prevailing sky types in a location should be considered in further
research, applying the new approach proposed in this paper for the
diffuse irradiance.

Values obtained with the modified irradiance models and the
irradiance reference values have been compared by calculating the
rRMSE in a large number of 4,868 scenarios with different geometry
and orientation to cover asmany real situations as possible in urban
environments. A linear ranking of the models shows that Perez4
model (anisotropic 35� circumsolar region half-angle) exhibits the
best performance for seven out of eight urban canyon aspect ratios
considered, as well as the best overall behavior, followed by Perez5
model (anisotropic 45� circumsolar region half-angle). The
isotropic model occupies an intermediate position, whereas the
two anisotropic models that consider the circumsolar region a
point source receive the lowest ranking. In addition, the rRMSE
variation for the different geometries remains low in the best
models (18e25%), whereas in the models ranking the last positions
the errors greatly increase (over 100%) as the aspect ratio of the
urban canyon increases.

In conclusion, the importance of the circumsolar component has
been evidenced when estimating the diffuse irradiance on tilted
planes in obstructed environments. Specifically, it has been
demonstrated how the aperture of the circumsolar region de-
termines the performance of the anisotropic models, being the best
performers those models considering a greater aperture angle (35�

and 45� circumsolar region half-angle). It has also been shown that,
in such obstructed environments, the isotropic model (which omits
the circumsolar component) is preferable to the anisotropic models
that consider a point source circumsolar region.
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Appendix A. Calculation of the projection of sky radiance
distribution relative to zenith onto a tilted plane

For a given ISO/CIE model, the projection of the relative radiance
of each sky element onto a tilted plane can be obtained by the
procedure outlined belowand detailed in Fig. A.1. It should be noted
that in order to apply the ISO/CIE model, it is necessary to know the
spherical coordinates of that element referred to an horizontal
plane, i.e., its zenith angle (qi) and azimuth angle relative to the
south of the place (gi). It is also necessary to determine the angular
distance between the sky element and the sun (ci), which can be
obtained from the former and from the spherical coordinates of the
sun (qz, gs). Therefore, the procedure focus on the coordinate
transformations that must be applied to the coordinates on the
tilted plane (q0i; g0

i) assigned to each sky element after the ortho-
graphic projection.

1. On the tilted plane of interest, a square grid is located, with
dimensions in accordance to the number of elements in which
the hemisphere above the plane is discretized.
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2. For the centroid of each grid element, the zenith angle relative
to the normal of the tilted plane (q0i) and the azimuth angle (g0

i)
relative to the plane azimuth (gp) is calculated using the
orthographic projection given by Equation (A.1) that relates the
projected distance between the centroid of a cell element and
the center of the grid (ri) with q0i.

Fig. A.1. Procedure for the calculation of the projection of the sky radiance distribution
relative to the zenith onto a tilted plane.

ri ¼ sinðq0iÞ: (A.1)
3. For each grid element, the spherical coordinates relative to the
inclined plane (q0i; g0i) are transformed to their corresponding
Cartesian coordinates (x0i; y

0
i; z

0
i) in the inclined plane, using a

unit-radius sphere.
4. Cartesian coordinates in the inclined plane (x0i; y

0
i; z

0
i) are trans-

formed to local Cartesian coordinates relative to the zenith and
the south (xi, yi, zi) using Equation (A.2), where the trans-
formation matrix (M) defined in Equation (A.3) depends on the
azimuth (gp) and tilt angle (bp) of the inclined plane.



I. García, M. de Blas, B. Hern�andez et al. Renewable Energy 180 (2021) 1194e1209
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0
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5. The spherical coordinates of the centroid of each sky element (qi,
gi) relative to the zenith and the south are determined from (xi,
yi, zi) using a unit-radius sphere.

6. The angle between the sun and each sky element (ci) is calcu-
lated from the spherical coordinates of each sky element (qi, gi)
and the sun (qz, gs).

7. For a given ISO/CIE standard sky type, the sky radiance relative
to the zenith radiance (li) projected onto the grid sky element i is
calculated according to Equation (A.4), defined in the ISO
15469:2004(E)/CIE S 011/E:2003 [71] standard.

liðqi;giÞ ¼
Liðqi;giÞ

Lz
¼ f ðciÞgðqiÞ

f ðqzÞgð0Þ; (A.4)
where Li is the radiance of a sky element i, Lz is the zenith
radiance, g is the gradation function, Equation (A.5), and f is the
indicatrix function, Equation (A.6). The coefficients (a, b, c, d, e)
in Equations (A.5) and (A.6) depend on the standard sky type.

gðqiÞ ¼ 1þ aexp
�

b
cos qi

�
;

gð0Þ ¼ 1þ aexpðbÞ
(A.5)

f ðciÞ ¼ 1þ c
h
expðdciÞ � exp

�
d
p

2

� i
þ ecos2ci;

f ðqzÞ ¼ 1þ c
h
expðdqzÞ � exp

�
d
p

2

� i
þ ecos2qz:

(A.6)

Note that the procedure detailed in this Appendix is intended for
application in the northern hemisphere. Thus, azimuths are
measured from due south, increasing towards south-west. That is,
azimuth values are negative before solar noon and positive after
solar noon. For application in the southern hemisphere, azimuths
should be measured from due north, increasing towards the north-
west. As in the case of the southern hemisphere, azimuth values
will be negative before solar noon and positive after solar noon. The
transformationmatrix defined in Equation (A.3) is equally applicable
Fig. B.1. Orthographic projection of the sky on (a) a horizontal plane, (b) an obstacle-free pl
and gc ¼ 45� . The black-shaded area corresponds to the part of the ground visible as a c
projection of the urban canyon on the tilted plane.
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in the southern hemisphere, according to the described criterion.

Appendix B. Calculation of sky view factor and circumsolar
view factor under obstructed environments

In the absence of obstacles, the SVF can be calculated by Equa-
tion (B.1) according to the proposal of Liu and Jordan [2], which
coincides with that proposed by Kondratyev and Manolova [79]
and was originally derived by Moon and Spencer [80].

SVF ¼ Gd;T

Gd
¼ 1þ cos bp

2
: (B.1)

In the presence of obstacles, only the visible part of the sky must
be considered in the calculation of the SVF. Several expresions for
the SVF can be found in the literature, such as the proposal of
B€ohner and Antoni�c [81], an adaptation of the original expression of
Dozier and Frew [82]. In the present work however, using a
different approach, the SVF is calculated by comparing the pro-
jections of the sky vault onto the horizontal plane and onto the
tilted plane, according to the following procedure.

1. A square grid is placed on the tilted plane of interest, as in step 1
of the procedure described in Appendix A.

2. Using the orthographic projection, the spherical coordinates (qi,
gi) relative to the zenith and south are determined for the
centroid of each sky element of the grid, as in step 2 of the
procedure described in Appendix A. As an example of applica-
tion, Fig. B.1b shows the projection of the sky onto a plane with
an inclination of 60�.

3. The urban canyon is projected onto the inclined plane, dis-
carding the part of the sky hidden due to the canyon topography.
The gray-shaded area in Fig. B.1c corresponds to the projection
of an urban canyon with ac ¼ 1 onto the same tilted plane cited
in the previous point.

4. The total number of sky elements visible from the plane of in-
terest is computed (ns,T).

5. The same procedure is carried out considering this time a hor-
izontal plane free of obstacles, now defining the total number of
sky elements visible in this situation (ns,h), as seen in Fig. B.1a.

6. The SVF is calculated as

SVF ¼ ns;T
ns;h

: (B.2)
As an example, the SVF calculated for a particular inclined plane
and urban canyon is shown in Fig. B.1.
ane tilted 60� , and (c) on the same tilted plane located in an urban canyon with ac ¼ 1
onsequence of the inclination of the plane. The gray-shaded area corresponds to the
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The SVF is a static parameter, in the sense that it is fixed solely by
the plane position and canyon geometry. In contrast, the CFV is a
dynamic parameter whose value further depends on the position of
the sun and on sky conditions. For the calculation of the CFV, we
propose a procedure analogous to that used for the SVF, but
restricted to the sky area corresponding to the circumsolar region of
interest.

1. The grid on the tilted plane is defined and the spherical co-
ordinates (qi, gi) relative to the zenith and south, as well as the
angular distance to the sun (ci) are obtained, following steps
1e6 of the procedure described in Appendix A.

2. All grid sky elements whose angular distance from the sun (ci)
exceeds the aperture angle of the circumsolar region of interest
are discarded. In this study, a range of aperture angles was
considered. Fig. B.2b shows an example of the projection of a 25�

half-angle circumsolar region onto a 60� tilted plane.
3. The urban canyon is projected on the tilted plane. Grid cells

corresponding to the part of the circumsolar region obstructed
by the canyon are discarded (see Fig. B.2c).

4. The total number of cells still active, i.e. the total number of
elements of the circumsolar region visible from the plane of
interest, is computed (nc,T).

5. The same procedure is carried out considering an obstacle-free
horizontal plane, thus obtaining the number of sky elements
included in the circumsolar region visible in this situation (nc,h)
(see Fig. B.2a).

6. The CVF is calculated as

CVF ¼ nc;T
nc;h

: (B.3)
As an example, the CVF calculated for a particular inclined plane
and urban canyon is shown in Fig. B.2
Fig. B.2. Orthographic projection of the circumsolar region on (a) a horizontal plane, (b) a
canyon with an ac of 1 and a gc of 45� . The represented 25� half-angle circumsolar region is
to the visible part of the ground as a consequence of the inclination of the plane. The gray
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