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Abstract

Downward shortwave incoming irradiance plays a key
role in urban areas, especially in those located in complex
terrains. Accurate modelling of this weather variable is
crucial for the characterization of physical processes, and
in particular heat exchanges, occurring between buildings
and the urban atmosphere. In this framework, the present
research evaluated the capabilities of the Solar Energy on
Building Envelopes (SEBE) model, which can be used to
describe the urban geometry through 2D high-resolution
DSMs and simulate total irradiation on buildings’ facades.
Specifically, this work focused on the urban area of Bol-
zano, a city located in the north-eastern Italian Alps in a
basin where three valleys join, and assessed the SEBE out-
put by comparison with the total daily irradiation on a ver-
tical building facade for a six-month period (i.e. July-De-
cember 2018). Meteorological forcing for simulations was
provided by the observed hourly data of shortwave radia-
tion (i.e. global GHI and diffuse DHI horizontal, and direct
normal DNI irradiance), collected at rooftop level in the
urban area of Bolzano. The overall performance of the
model was found to be accurate, both for different ana-

lysed periods and for daily climatic classification.

1. Introduction

The constant increase in energy demand has
brought increasing attention to solar energy as an
energy source which is available worldwide, espe-
cially in urban areas where other renewable ener-
gies are generally not present. Moreover, in a con-
text of continuous urbanization, the study of solar
radiation in the complex urban environment is be-
coming crucial in order to provide building simula-

tion codes with robust and adequate inputs. Indeed,

Part of

the shaded/sunlit urban surface portions represent
the dominant component of shortwave energy input
in urban areas, especially during clear-sky condi-
tions. However, the complex shadowing patterns
led by different building distributions represent the
main challenge in terms of computational effort
needed to create urban models.

For this purpose, simplifying the assumptions of the
three-dimensional geometry of urban fabric is re-
quired in agreement with the represented level. Ac-
cordingly, several urban parametrization schemes
have been developed since the 2000s, with different
levels of detail, such as the slab (Liu et al., 2006), sin-
gle-layer (Kusaka et al., 2001) and multi-layer (Mar-
tilli et al., 2002; Masson et al., 2000) models, repre-
senting respectively 2D or 3D regular building vol-
ume arrays. In these schemes, the distribution and
intensity of solar radiation reaching the different ur-
ban surfaces are computed by a simple shadow-
casting algorithm in conjunction with a rotating, in-
finitely-long street canyon scheme (Lindberg et al.,
2015a).

In recent years, several GIS-based tools have been
developed using high-resolution digital surface
models (DSMs) derived from LiDAR data, in order
to estimate solar radiation for extensive urban areas,
such as the Solar Energy on Building Envelopes —
SEBE (Lindberg et al., 2015b). Accordingly, 3D geo-
graphical data of urban fabric make it possible to de-
rive very high-resolution information about build-
ing structures, which are typically used in micro- to
local scale modelling, providing realistic represen-
tations of specific building stocks.
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Fig. 1 — (a) The urban area of Bolzano (area shaded in red). Height contours (above sea level) are also presented, (b) The zoomed-in area
represents the position of the meteo-radiometric station located on the rooftop of the Free University of Bozen-Bolzano, (c,d) Position of SPN1
sunshine pyranometer fixed on the vertical facade exposed to west at 25 a.g.l.

In this work, Solar Energy on Building Envelopes
(SEBE) was used to estimate the shortwave irradi-
ance on the ground, roofs and building walls
throughout the urban core of the medium-sized (ap-
proximately 100,000 inhabitants) city of Bolzano.
The city is located in a basin where three valleys in
the north-eastern Italian Alps join (Fig. 1a). The cli-
matic conditions in the city are closely related to the
complex topography of the surrounding area, which
influences in particular the flow field and solar ra-
diation (Pappaccogli et al., 2018). It is therefore cru-
cial to take into account the interactions between the
surrounding orography, which generates a shadow-
ing effect, and geometry of the urban fabric, which
modifies the radiative balance within the urban en-
vironment (i.e., the share of direct and diffuse
shortwave radiation). In the current research, ob-
served horizontal solar radiation data were used as
meteorological input for SEBE, and the computed
solar radiation on a vertical building surface com-
pared with measurements collected in a six-month

period (i.e., July-December 2018).

2. Methods

2.1 Model Structure

SEBE uses digital surface models (DSMs) to calcu-
late solar radiation, which consist of building and
ground heights. In addition, two optional DSMs of
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the same resolution and extent as the ground and
building DSM can be used to represent 3D vegeta-
tion of trees and bushes (which are not considered
in this case study). Specifically, the SEBE model
computes the 'shadow volumes' by sequentially
moving the raster DSM at the azimuth angle of the
sun, reducing the height at each iteration based on
the elevation angle of the sun (Ratti and Richens,
1999). For a detailed description of the shadow cast-
ing algorithm, see Ratti and Richens (2004), and
Lindberg and Grimmond (2010).

Based on observed hourly meteorological data as in-
put, the SEBE model uses the unobstructed three
components of shortwave radiation: direct radiation
perpendicular to the sun (DNI), horizontal diffuse
(DHI) and global (GHI). As these variables are not
commonly available (especially DNI and DHI), the
model allows the calculation of the diffuse compo-
nent from the global through the statistical model
presented in Reindl et al. (1990), which can take into
account the ambient air temperature (T.) and rela-
tive humidity (RH) to improve the accuracy of the
calculation. Accordingly, the direct shortwave radi-
ation component (DNI) on a surface perpendicular
to the sun rays is then estimated from DHI using the

following equation:
I =(G—D)/sinn 1)

where 17 is the sun’s altitude.
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In order to avoid the hourly time step iteration, the
meteorological data are pre-processed and redis-
tributed into 145 patches of similar solid angles
throughout the sky vault according to the well-
known approach presented by Tregenza and
Sharples (1993). The diffuse radiation component is
redistributed for the patches based on the all-
weather model of sky luminance developed by Pe-
rez et al. (1993).

The output of the SEBE model consists of the total
irradiance for a roof pixel (R) on a DSM by summing

the direct, diffuse and reflected radiation as follows
R=Y!_.[lwS+DS+G(1-Sa)]; @

where p is the number of patches on the hemisphere,
I is the incidence direct radiation, D is diffuse radi-
ation, G is the global radiation originating from the
ith patch, a is the surface albedo and w is the sun in-
cidence angle. The first and second terms represent
the direct and diffuse irradiance respectively,
whereas the third term accounts for reflected irradi-
ance (Lindberg et al., 2015b). S represents the

shadow computed at each pixel:
S=85-010-S,)1—-1) 3)

where Sy and S are respectively shadows from
buildings and vegetation, and 7 is the transmissivity
of shortwave radiation through vegetation.

Finally, the reflection term at the wall pixels is only
considered for half of the hemisphere, with the re-
flected part originating from the ground calculated

as follows:
Groundreﬂected = (Ga)/z (4)

For tilted roofs, the reflection from the ground is not
considered, as it is negligible due to the small view
factor from the tilted roofs to the ground (Lindberg
et al., 2015b).

2.2 Model Setup

The SEBE model was evaluated by comparing sim-

ulated and observed vertical shortwave radiation

data on the building fagade exposed to west and lo-
cated in the core area of Bolzano, Italy (Fig. 1). The
assessment was performed by considering a daily
time step. Surface albedo was set to 0.15, which rep-
resents the typical value for urban surfaces (Oke,
1989).

2.3 Simulated Domain and Meteorological
Input Data

A regular domain of approximately a 1 km?horizon-
tal dimension with spatial resolution of 1 m (Fig. 2)
was derived by the spatial average of digital surface
models with 0.5 m resolution from the GeoCatalogo
of the Autonomous Province of Bozen-Bolzano
(http://geocatalogo.retecivica.bz.it/geokatalog). The
fine resolution of DSM was able to represent differ-
ent heights and orientations of the walls, and to take
into account the slope of the roofs, when different
building architypes are analysed. Fig. 2 shows the
building height distribution across the model do-
main, displaying input building information used in
the SEBE model.

The observed solar radiation data provided by the
meteorological station located at the Free University
of Bozen-Bolzano on the flat rooftop of the E-build-
ing were used as input and boundary conditions for
SEBE simulations (Fig. 1b).This station was installed
at the Free University of Bozen-Bolzano in 2017, on
the rooftop of the building of the University, in a po-
sition relatively free from external obstructions
(above the rooftop level of the city). The measure-
ments site is located in the city centre (Lat.
+46°29.89' N; Lon. +11°20.98' E), which is representa-
tive of the climatic conditions of the basin, located
away from the slopes of the surrounding moun-
tains. Specifically, the measurements of the direct
normal and diffuse horizontal solar radiation are
carried out respectively by means of an EKO MS-
56/pyrheliometer and a MS-802/pyranometer, fixed
on a STR-22G EKO sun-tracker station, both for six
months (i.e. from July to December 2018).

In this study, vegetation is excluded in the DSMs, as
it is not present in the analysed street canyon.
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Fig. 2 — The study area in Bolzano (ltaly), used for model evalua-
tion, showing building height provided by DSMs (spatial resolution
1m).

2.4 Field Observations

The SEBE model was evaluated for one point loca-
tion placed on the building facade of the Free Uni-
versity of Bolzano, located in the urban core of the
city (Fig. 1c, d). The facade borders a regular street
canyon with an aspect ratio H/W~1.3 (where H is the
average building height and W is the average width
of the street), which is delimited by multi-storey
buildings with tilted rooftops.

In particular, a SPN1 pyranometer was installed on
the external fagade of the E-building of the Free Uni-
versity of Bozen-Bolzano at a height of 25 m a.g.lL
(Fig. 1c, d). The facade is exposed to the west (azi-
muth angle =270°) according to a surface analysis
based on the DSM model. Data were collected be-
tween 5 July 2018 and 31 December 2018. Solar radi-
ation on this vertical surface was saved at the acqui-
sition sampling frequency of 1 minute, and later re-
calculated into hourly integrals by means of
MATLAB® software, in order to match the time res-
olution needed for input data in the SEBE model. A
total of 179 daily data points were used in the eval-

uation analysis.

3. Results

Using the meteorological data collected at the uni-
versity building rooftop as input for SEBE, the ob-
served and simulated daily vertical total irradiation
were compared for the analysed period of July to
December 2018.
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In order to obtain a representative sky-type classifi-
cation, the clearness index was computed using the
Surface Solar Irradiance (SSI) provided by MSG Me-
teosat satellite data normalized by the correspond-
ing extra-atmospheric irradiance according to
Ineichen et al. (2009), as ground measurements in
complex terrain are affected by the shadowing effect
of surrounding orography. Accordingly, the aver-
age daily values of the clearness index are used to
classify different weather conditions. To quantita-
tively validate the results of the model, the mean er-
ror (BIAS), the root-mean-square error (RMSE) and
the coefficient of determination (R?) were evaluated,
quantifying the difference between the simulated
and observed daily total irradiation on the building
facade.

Fig. 3 reports the comparison between observed and
simulated total daily irradiation (expressed as wat-
thours per square meter) on the vertical surface,
which are respectively correlated with the clearness
index and daily climatic classification. As shown in
Fig. 3a, the SEBE model performs well at the ana-
lysed location during different climatic conditions
(R? = 0.952), showing a good estimation of the
shortwave fluxes on the vertical wall in the street
canyon. As can be noted, a slight overestimation of
the modelled shortwave fluxes at the wall location
occurs, with a BIAS of 31.83 Wh m-2.

Focusing on the different climatic classes, no spe-
cific pattern can be observed. Specifically, an over-
estimation of the simulated total daily irradiation
occurs during overcast sky conditions (BIAS = 134.4
W m=2), which decreases during intermediate (BIAS
=125.4 W m?) and clear-sky (BIAS=31.8 W m-2) con-
ditions. However, several significant underestima-
tions occur during clear-sky conditions, which lead
to an increase in RMSE (246.3 Wh m-2), while no sig-
nificant outliers are observed for intermediate and
clear-sky conditions.

These errors are linked to the inexact partition be-
tween the global and diffuse radiation components

during clear-sky conditions.
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Fig. 3 — Scatter plots of observed and simulated total daily irradiation correlated to (a) clearness index, (b) daily sky-types classification, during

the analyzed period (i.e., July—-December 2018)

Finally, it should be remembered that the university
building is located in the historical city centre,
which is characterized by complex envelope struc-
tures (e.g., historical towers, balconies etc.), proba-
bly not perfectly described by the 1 m digital surface
model.

4. Conclusions

A six-month daily simulation was carried out by
means of the Solar Energy on Building Envelopes
(SEBE) model, in order to study the distribution of
solar radiation on roofs and building walls through
the core area of the city of Bolzano, Italy. The urban
geometry was accurately described using high-res-
olution 2D raster DSM, which makes it possible to
compute 3D surface irradiation information
through an extensive area up the city-centre scale.
Observed hourly data on shortwave radiation pro-
vided by a meteorological station installed on a uni-
versity building were used as hourly input data for
SEBE simulations. The model was evaluated for a
vertical fagade exposed to west, in a street canyon of
Bolzano.

The results highlight that the SEBE model accu-
rately reproduces the downward shortwave fluxes
for the different simulated periods (i.e. from July to
December) and for daily classifications of sky types.
Further developments are planned in order to test

the sensitivity of the SEBE model on different urban
surfaces (such as tilted and flat roofs), using differ-
ent meteorological input data (i.e. using only global
horizontal radiation components provided by con-

ventional weather stations or from satellites).
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