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A simplified skyline-based method for estimating
the annual solar energy potential in urban
environments

Andres Calcabrini®*, Hesan Ziar®, Olindo Isabella® and Miro Zeman

Architects, engineers and urban planners have today at their disposal several tools for simulating the energy yield of photo-
voltaic systems. These tools are based on mathematical models that perform repetitive calculations to determine the annual
irradiation received by solar panels; hence when photovoltaic systems are installed in complex urban environments, the simula-
tions become highly computationally demanding. Here we present a simplified and yet accurate model for the direct calculation
of the annual irradiation and energy yield of photovoltaic systems in urban environments. Our model is based on the correlation
between the solar radiation components and the shape of the skyline profile. We show how calculations can be simplified by
quantifying the skyline using two indicators: the sky view factor and the sun coverage factor. Model performance is evaluated in
different climates using measured data from different photovoltaic systems. Results indicate that the proposed model signifi-

cantly reduces the required computation time while preserving a high estimation accuracy.

expected to reach 8.5 billion by 2030, and that by then most

humans will be settled in densely populated cities'. Along
with the growth of urban population, the International Energy
Agency forecasts a major expansion of photovoltaic (PV) systems
in urban areas: the residential PV market is expected to triple its
size by 2030°. Moreover, different research studies™ estimate that
by using the available area on rooftops only in Europe and the
United States the cumulative worldwide PV installed capacity could
reach 2,000 GW. As such, PV systems in urban environments are of
increasing relevance.

Aesthetically appealing and efficient PV modules are contribut-
ing to the rapid deployment and integration of PV systems in cities’.
Besides the traditional building added photovoltaics (BAPV), today
the PV market is offering more alternatives for building integrated
photovoltaics (BIPV). Fairly soon, every surface will become a
potential support for mounting PV modules; not only horizontal
and tilted rooftops, but also vertical facades will allow the genera-
tion of affordable electricity from solar energy®. In this context,
and aiming to find the best surfaces, it is evident there is a need for
fast and accurate models to determine the solar energy potential in
urban environments.

During recent decades, multiple software suites have been
developed to compute the solar irradiation impinging on a sur-
face and the energy yield of a PV system. Among these, we can
find: In My Backyard tool’, the PVSITES project®, different ray-
tracing-based simulation tools’™", various GIS-based methods'*"*
and many others'". The vast majority of these available tools calcu-
late the hourly irradiance impinging on the plane of array (POA)
considering the radiation intensity and distribution over the sky,
the module tilt and orientation, and the objects surrounding the
target surface'®. By integrating hourly irradiance values over an
entire year, the annual energy potential is obtained. For this rea-
son, the previously mentioned methods are hereinafter referred to
as irradiance-based approaches.

_|_he United Nations predicts that the global population is

Irradiance-based approaches are needed when the power gener-
ated at every hour during a year is of interest. However, for some
applications, only the annual energy potential is required. For
instance, when looking at the optimum locations to install a dis-
tributed PV system in an urban planning framework, it is necessary
to estimate the annual energy yield at a large number of locations.
In this case, hourly irradiance levels are merely intermediate val-
ues that are needed to find the optimal locations. The repetitive
calculation process combined with the complex geometry of the
landscape make irradiance-based approaches highly computation-
ally demanding'®"’.

In an effort to simplify the calculations and minimize the com-
putation time, different methodologies and indicators for the solar
potential in urban environments have been explored. For example,
the work of Robinson shows that the sky view factor can be used as
an irradiation indicator, particularly in locations with a high amount
of diffuse radiation'®. Rodriguez et al. presented an urban model-
ling platform' for estimating the solar potential using the three-
dimensional (3D) geometry of buildings and the simple Hay and
Davies sky model to reduce the computation time®. More recently,
Chatzipoulka et al. presented a study in which the sky view factor is
used as a predictor of the solar potential of vertical fagades, allow-
ing the quick estimation of the PV potential of building in latitudes
between 38° and 60°*'. These mentioned approaches are useful to
give a quick estimation of the solar potential available in urban envi-
ronments. Nevertheless, none of these methods has been validated
using actual measured data.

Here, we present an alternative model for the direct estimation of
the solar energy potential in urban areas. The proposed model can
give accurate estimations of the annual irradiation impinging on a
surface with a substantial reduction in the required computational
power. We show that calculations can be accelerated by quantifying
the urban landscape using two indicators: the sky view factor (SVF)
and the sun coverage factor (SCF). Moreover, the model can also be
adapted to estimate the energy yield of a PV system. The performance
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*e-mail: a.calcabrini-1@tudelft.nl

206

NATURE ENERGY | VOL 4 | MARCH 2019 | 206-215 | www.nature.com/natureenergy


mailto:a.calcabrini-1@tudelft.nl
http://orcid.org/0000-0002-1940-4705
http://orcid.org/0000-0002-9913-2315
http://orcid.org/0000-0001-7673-0163
http://orcid.org/0000-0002-1710-360X
http://www.nature.com/natureenergy

NATURE ENERGY ARTICLES

a s A

Simulation framework

Irradiance model

'

Thermal model

= |
l — Electrical model
3
' g J

Electric power

- R
+®_

POA irradiance

Annual |rrad|at|on
(Wh m™

Annual DC yleld
(Wh m™

-
(7

Fig. 1] Irradiance-based approach. General block diagram of the simulation framework of irradiance-based approaches for calculating the annual
irradiation on a surface and the PV system’s annual DC yield. The required inputs are clustered into three groups. a, Meteorological data (that is, irradiance
measurements, ambient and ground temperature, wind speed and cloud cover). b, Location specifications, including geographical coordinates and a

3D model of the landscape and objects surrounding the PV module. ¢, PV module data, which include mechanical, dimensional, electrical, optical and
thermal parameters of the PV module. The irradiance model uses the location specifications and the meteorological data to calculate the amount of

solar irradiance impinging on the POA of the PV module. The thermal model allows determination of the operating temperature of the PV module which,
together with the computed irradiance, are the inputs to the electrical model to calculate the instantaneous power generated by the PV module.

and the deviations of the proposed method are hereby evaluated in
different climates using real-time monitored PV systems.

The irradiance-based approach

Most irradiance-based approaches for calculating the annual irra-
diation and energy yield of a PV module combine irradiance, ther-
mal and electrical models. These models constitute a simulation
framework, as depicted in Fig. 1, which allows the calculation of the
instantaneous irradiance on the POA and the electric power gener-
ated by the PV module.

Irradiance models generally comprise a decomposition and a
transposition model. The decomposition model is used to generate
direct normal irradiance (DNI) and diffuse horizontal irradiance
(DHI) values from global horizontal irradiance (GHI) measure-
ments. The transposition model combines the DNI and DHI values
to determine the global POA irradiance®. Almost all transposition
models calculate the total irradiance on the PV module (G by
adding the contribution of three irradiance sources”

Gtot Gd1r+Gd1f+Galb (1)
where G is the direct irradiance, which depends on the angle of
1nc1dence of the solar rays on the PV module and is proportional
to the DNI, Gf represents the sum of the diffuse circumsolar and
the diffuse 1sotropic irradiance components of the simplified all-
weather Perez irradiance model”* and G is the reflected irradi-
ance, which is proportional to the surface albedo™.

Applying equation (1), the total irradiance impinging on the
PV module is calculated for every hour of the year. These values
are then input to the thermal and electrical models to determine
the generated electric power. Hourly results are integrated over an
entire year to obtain the annual irradiation on the PV module and
the generated DC electrical energy. Further details on the irradi-
ance, thermal and electrical models used in this work are presented
in the Methods section.

To avoid the repetitive calculations of the irradiance-based
approaches, we propose using two indicators to directly estimate
the annual irradiation. Hereby, we show how these indicators can
be used to simplify the calculations and we give a mathemati-
cal expression for the proposed irradiation model. Furthermore,
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we give an example of how the model is applied to a specific PV
system in urban environments, and we show how it can be extended
to estimate the DC yield of PV systems.

Solar irradiation indicators

As shown in Fig. 1, the annual irradiation on a PV module depends
on the local meteorological conditions. Since weather conditions
are usually similar from one year to the next, we use climate data
to estimate the average annual irradiation on a PV system. While
weather data describe the atmospheric conditions for a particu-
lar year, climate data are obtained by evaluating weather condi-
tions during several years (all the results presented in this work
are obtained using climate data generated with METEONORM).
From the outcome of the simulation using climate data, we have
found that it is possible to describe the annual irradiation at a given
location using two figures of merit that quantify the landscape sur-
rounding a PV module.

The first indicator used to quantify the landscape around a PV
module is the already mentioned SVFE, which can be calculated from
the skyline profile’. The SVF of a surface is a geometrical parameter
defined as the fraction of radiant flux leaving the surface of the PV
module which is intercepted by the sky”’—that is, it represents the
proportion of the sky that is visible from the central point of the
PV module. This parameter is used because the aforementioned dif-
fuse isotropic and ground reflected components of the Perez model
depend (almost) linearly on the SVF*.

However, the other irradiance components are not directly
related to the SVE In fact, it is easy to imagine a case where the
direct and circumsolar irradiation components cannot be estimated
using the SVF'. For example, for a horizontal solar panel in the
Northern Hemisphere, none of the objects located on the north side
of the PV module overlap with the sun path. These objects reduce
the SVF but they affect neither the direct nor the diffuse circumso-
lar irradiance components which originate from the centre of the
sun disk?. Therefore, to estimate the irradiation due to these other
two components, we introduce a new indicator: the sun coverage
factor, SCE The SCF at a location with a raised horizon is defined as
the ratio between time that the sun is behind the module or blocked
by the skyline per year and the annual sunshine duration at the same
location with a clear horizon.
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Fig. 2 | Synthetic and real skyline profiles. a-e, Real skylines for the city of Delft, the Netherlands. ¢, Each of the 12 spots in Delft where the real skyline
profiles were captured. b,d, Examples of the images obtained with the Horicatcher tool at two different locations. a,e, Real skyline profiles obtained after the
processing of the Horicatcher images. f-i, Synthetic skyline profiles. These synthetic skylines respectively correspond to the functions a,,ps, ag,04, agpar and

g5 listed in Supplementary Table 2.

It is evident that the SCF is not an irradiance-weighted parame-
ter—that is, blocking the sun one hour in the morning and blocking
the sun one hour at midday contribute in the same amount to reduce
the SCF value. In some cases, this might result in a weak correlation
with the hourly irradiation. However, the important advantage of
using the SCF as an indicator is that it can be quickly determined by
combining the skyline profile (which is already needed to determine
the SVF) and the sun path®.

Skyline profiles

A detailed 3D model of the environment surrounding the PV
modules is required to precisely calculate the yield of a PV sys-
tem. However, many irradiance-based approaches simply use the
skyline profile at the system’s location to compute the irradiation
on the solar panels. The skyline profile is a 2D projection of the
3D surrounding landscape calculated at the central point of a PV
module, and hence it is a simplification of the problem geom-
etry that introduces errors in the calculations. Nevertheless, as
explained in Supplementary Note 1, these deviations are consid-
ered acceptable.

Simulations have been carried out using a set of 161 synthetic
skyline profiles to find the correlation between the above-men-
tioned indicators and the annual irradiation. Each synthetic profile
consists of a number of geometrical shapes distributed along the
horizon (see Supplementary Table 2). The advantage of using syn-
thetic skylines lies in the fact the skyline shapes can be modified at
will so as to mimic a wide range of different real urban landscapes.
Figure 2 shows some examples of the synthetic profiles used to
obtain the results presented in the following sections.

In addition, the skyline in 12 real locations in Delft were cap-
tured using the Horicatcher tool*. These real skyline profiles were
used in the simulations to ensure that the synthetic skyline profiles
are representative of actual urban landscapes. Figure 2 shows the
points where the skylines were captured in Delft and the result of
extracting the skyline from the Horicatcher pictures.

Simplified irradiation model

We have simulated the irradiance on tilted surfaces for each syn-
thetic and real skyline profile to show how the annual irradiation
components correlate with SVF and SCE. As an example, here we
show the correlations found for the PV-powered e-Bike charging

208

station (see Fig. 3a) for the case when its PV modules are tilted 51°
and facing southwest.

In Fig. 3b, the sum of the simulated isotropic diffuse and albedo
components (I3'F) is plotted against the SVF of the corresponding
skyline profiles. For the above-mentioned reasons, there is a strong
linear correlation between the variables. Deviations from the lin-
ear fit are due to the albedo component, since part of direct light
impinging on the reflective surfaces is also reflected back on the
PV modules. Moreover, the maximum SVF value on the horizontal
axis equals 0.81 and it is the SVF of a module tilted 51° in a free
horizon location.

In Fig. 3¢, the sum of the simulated direct and circumsolar
components (ISS(CF ) is correlated with the SCF. From the minimum
value in the horizontal axis, it can be noticed that since the PV
modules are facing southwest and tilted 51°, even when the hori-
zon is free, the sun is behind the POA 19% of the time. Besides, it
can be observed that the drop in the annual irradiation is flatter
for low SCF values and it becomes steeper as SCF increases. This
can be explained by realizing that small SCF values usually cor-
respond to low skyline profiles that block the sun mostly during
sunrise and/or sunset, when the POA irradiance is much lower
than at midday.

By adding the polynomial regressions in Fig. 3, the annual irra-
diation on a surface (Iy) can be expressed as

L=R"+R" @
with
3
= ¢, (1-SCF") (3)
k=1
IYF = (c4+ c5tgg) SVF (4)

The coefficients c,, ..., ¢; are obtained from the linear and cubic
fittings shown in Fig. 3 and are valid for a specific module tilt and
orientation within a geographical region with the same climate.
Furthermore, the proposed irradiation model is independent of

NATURE ENERGY | VOL 4 | MARCH 2019 | 206-215 | www.nature.com/natureenergy
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Fig. 3 | Model fitting to an actual PV system. Example of the correlation between SVF, SCF and the irradiation components for the southwest-facing e-Bike
charging station tilted 51° for different synthetic and real skylines in Delft, the Netherlands. a, Image of the e-Bike charging station, a PV system developed
at TU Delft for charging electric bikes with solar power. b, Correlation between SVF and the diffuse isotropic plus albedo irradiation. Each black cross on

the plots represents the simulated irradiation on the e-Bike charging station for a different synthetic skyline profile and each orange circle indicates the
simulated yield under a real skyline profile. The solid blue line and the equation in the plot correspond to the linear regression that fits the results. The 0.2
factor in the equation corresponds to the albedo coefficient of the ground around the e-Bike charging station. ¢, Correlation between SCF and the direct plus
diffuse circumsolar irradiation. The solid blue line and the equation in the plot correspond to the cubic regression that fits the results.

Table 1| Correlation coefficients for a 51° tilted surface in Delft, the Netherlands

Ay (®) ¢; (kWhm=—2yr™") ¢, (kWhm=2yr™) c; (kWhm=—2yr") ¢, (kWhm=2yr™) ¢ (kWhm=—2yr")
N=0 —1,147 1,875 —-801 4n 144

NE=45 —6,353 9,105 —3,863 an 148

E=90 —2,261 4,344 —-1,903 an 174

SE=135 —895 2,708 1174 an 202

S=180 —665 2,553 -1143 an 21

SW =225 —883 2,687 -1173 an 199

W =270 —2,025 3,980 —1,747 an 174

NW =315 —5,960 8,526 -3,613 an 145

The coefficients have been calculated for the eight main PV module orientations (A,,) and can be used to estimate the annual irradiation on the e-Bike charging station. Whereas coefficients ¢, —c; are
used to estimate the direct and diffuse circumsolar irradiation, coefficient c, is used to estimate the diffuse isotropic irradiation and coefficient c is used to estimate the ground reflected irradiation.

the ground albedo (a,,,), which can be changed in equation (4) to
match the local albedo.

It should be noticed that in the case when the sky view is com-
pletely obstructed (for example, with an opaque dome) the SVF is
0 and the SCF is 1. Under these conditions, the estimated annual
irradiation is zero. On the other hand, when the horizon is free, for
a horizontal surface the maximum irradiation is given by

4
IY(maX) = Z Ck (5)
k=1

Table 1 presents the coefficients for estimating the annual irra-
diation on the e-Bike charging station for different module ori-
entations in Delft. To explain the use of these coefficients, we can
consider the case of a south-facing PV system tilted 51° in Delft
with a free horizon. For such system, SCF is 0.115 and SVF equals
0.814. Considering that the albedo of the bricks around the PV
system in Fig. 3a is 0.2, the coefficients corresponding to a south-
oriented surface in Table 1 can be substituted in equations (3) and
(4) to calculate the annual irradiation, which equals 1.16 MWhm™

Simplified energy yield model
Given the annual irradiation on a certain PV system, the opera-
tive efficiency of the PV modules must be calculated to estimate

NATURE ENERGY | VOL 4 | MARCH 2019 | 206-215 | www.nature.com/natureenergy

the annual DC yield. Among other factors, the operative efficiency
depends on the module temperature and the irradiance level, and
is defined as the actual conversion efficiency from solar irradiance
to electric power of a PV module in the field. Operative efficien-
cies are generally lower than standard test conditions (STC) effi-
ciencies, since the module operating temperature is usually higher
than 25°C. Despite the fact that the ambient temperature and the
solar irradiance levels, which affect the operative efficiency, vary
substantially from month to month, the relative variations in the
monthly performance ratios of a PV system are generally lower than
10%°'. This suggests that the proposed irradiation model can be
extended to estimate the annual DC energy yield E, of a PV module,
resulting in

(6)

Ey=E{" +EJ"

where

3
E{F =" d, (1-SCF") ?)

k=1

EJF = (d,+dsa,,q) SVF ®)

gnd
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Fig. 4 | Model performance in sunny and cloudy climates. a-f, Benchmark study on the proposed annual irradiation model in Delft, the Netherlands (a-c)
and Antofagasta, Chile (d-f) for different module tilt angles and orientations. Each black cross on the plot represents a study case in a different synthetic
skyline profile. For each case studied, the annual irradiation was simulated using the irradiance-based (full) approach, represented by a value on the
vertical axis, while the annual irradiation estimated with the proposed model is represented by a value on the horizontal axis. For surfaces tilted 45° and
90° (b, ¢, e and f), the comparison was carried with 161 synthetic skylines and 8 possible module orientations, amounting to 1,288 simulations. In the case
of surfaces with 0° tilt (a and d), only 161 results are shown because the orientation of the surface is irrelevant when the surface is horizontal. Coefficients
of determination R?, which give an indication of the accuracy of the proposed model, are shown in the plots.

Table 2 | Model coefficients for estimating the DC yield of a JA Solar JAM6-60-270BK PV module tilted 35° in the southern part of

the Netherlands

Ay (® d, (kWhyr") d, (kWhyr") d; (kWhyr") d, (kWhyr™) ds (kWhyr")
N=0 —249 467 -186 106 21

NE=45 -536 964 —421 106 21

E=90 -319 746 -315 106 23

SE=135 —187 630 —262 106 25

$S=180 -160 648 —283 106 26

SW =225 -193 648 —274 106 25

W =270 =31 736 -314 106 23

NW =315 -506 913 —-397 106 21

The usefulness of a fast energy yield estimation model is self-
evident. If we calculate the correlation coefficients for a specific PV
system (for example, the e-Bike charging station), we can estimate
how much electricity the system would generate in different sites
in a city (see Supplementary Fig. 3). Then, it would be possible to
use the digital elevation model of a urban area to create an energy
potential map and find all the places where it is economically fea-
sible to install a certain PV system.

210

Model benchmarking in different climates

The accuracy of the proposed annual irradiation model based
on the SVF and SCF has been evaluated in different climates by
comparing results with the full irradiance-based approach based
on the Perez irradiance model. For this purpose, we first simu-
lated the annual irradiation on surfaces with different tilt angles
(0°, 45° and 90°) using the irradiance-based approach (that is,
by integrating over an entire year the POA irradiance resulting

NATURE ENERGY | VOL 4 | MARCH 2019 | 206-215 | www.nature.com/natureenergy


http://www.nature.com/natureenergy

NATURE ENERGY ARTICLES

The Netherlands

[> U. Heuvelrug

4.86 KWp

@ 116° ESE)
X 35°

Y Emmen

5.94 kWp

@ 231° (SW)
X 3

SVF =0.762 SVF =0.837
SCF = 0.383 SCF =0.282
Image Landsat / Cep“ernicusﬁ;' . -
Data SIO NOAA, U.S. Navy.NGA. GEBCO
©2018 Google R
< Culsmbarg ©2009 GeoBasis-DE/BKG ~ *= o Venlo
5.94 kWp 3.24 kWp
10 v
@ 95° (E) A @ 231° (SW)
9 7
@ 7 o
X 35 . X 35
SVF = 0.826 L SVF =0.881
7
SCF = 0.449 3 «* SCF=0.317
.;'.—’\ 6 ’
O 7
< = 7
8BS ° 0.7
% Son en Breugel § 2 4 D> <] Gemert-Bakel
s ,
7.29 kKWp = 3 )as”/ 6.48 KWp
3
161° (SSE 2 e 178° (S
@ ror e ) @ o
X 3 o £
7
VF = 0.8! 0 SVF =0.812
S 0.856 o 1 2 3 4 5 6 7 8 9 10
SCF = 0.291 ) , , SCF =0.204
Estimated AC yield (MWh yr™')
%% Eindhoven O Eindhoven Yc  Son en Breugel /\  Laarbeek
2.70 KWp 3.51 KWp 2.70 KWp 11.07 kWp

@ 262w
X 35

SVF = 0.897

SCF = 0.293

@ er®
X 3

SVF = 0.887

SCF = 0.443

@ e
X 3

SVF = 0783

SCF =0.149

@ 228°(sw)
X 3

SVF = 0.835

SCF =0.371

Fig. 5 | Model validation in the Netherlands. A set of ten PV systems installed and monitored in the Netherlands was evaluated for a one-year-long period
between 2016 and 2017. The location of each of the systems is shown on the map. Each system is identified with a different marker. The location name,
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same tilt (35°), type of PV modules (JA Solar JAM6-60-270BK) and inverter (SolarEdge SE3500). The comparison between the measured and estimated

AC yields is shown in the central plot.

from equation (1)) in two cities with different climates: Delft, the
Netherlands, where the mean annual horizontal global irradia-
tion is approximately 1 MWhm™yr~! and the mean annual cloud
cover is 5.50kta; and Antofagasta in the Atacama Desert, Chile,
with 2MWhm™2yr™' and 3.4 okta. Then, using the results of the
irradiance-based approach, the regression coefficients c, to c; were
generated (Supplementary Tables 3 and 4). Finally, the SVF and
the SCF for each synthetic skyline profile were calculated to esti-
mate the annual irradiation using the previously calculated cor-
relation coefficients in equations (2)-(4).

The deviations between the annual irradiation estimated using
the two indicators were compared with the annual irradiation
obtained with the full irradiance-based simulation performed in
the first instance. Figure 4 shows the correspondence between the
results of the irradiance-based approach and our proposed model.
The high values of the coefficient of determination (R>0.97 for all
cases) show a good overall performance of our model for both cli-
mates. Moreover, in 85% of the studied cases, the relative deviations
between both methods are lower than 10%. Lastly, it is important to
mention that the largest deviations are associated with surfaces with
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low solar energy potential, which are also the least attractive ones
for mounting PV modules.

Validation study in the Dutch climate

The annual energy yield model has been applied to estimate the
yield of multiple PV systems monitored in the Netherlands. Ten
grid-connected PV systems with the same tilt (6,,=35°), PV mod-
ules (JA Solar JAM6-60-270BK) and inverters (SolarEdge SE3500)
have been studied. The coefficients of the annual DC yield model
were calculated using climate data and the results were compared to
the actual energy yield measured between 2016 and 2017.

The coefficients for estimating the annual DC yield of the PV
modules are presented in Table 2. It is important to notice that these
coefficients are valid only for a particular PV module model with a
specific tilt angle. This limitation is a consequence of extending the
irradiation model to calculate the DC energy yield.

For every PV system, the irradiance indicators (SVF and SCF)
were calculated at the central point of the PV array using sky-
lines profiles generated from a LIDAR digital elevation model®.
With these values, the coefficients given in Table 2 and assuming
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Fig. 6 | Model validation using four PV systems in different climates. a, Picture and characteristics of the PV system studied in Paris, France. The bar
graph at the bottom shows the annual generated electricity measured by the inverter of the system between 2010 and 2017. The dashed line in the plots
represents the average annual generation, and the red solid line indicates the production estimated by our proposed model. b, Picture and characteristics of
the PV system studied in Washington DC, USA. The bar graph shows the AC yield measured between 2013 and 2017. ¢, Picture and characteristics of the
PV system studied in Calgiari, Italy. The bar graph shows the AC yield measured between 2012 and 2017. d, Picture and characteristics of the PV system
studied in Adelaide, Australia. The bar graph shows the AC yield measured between 2013 and 2017. e, Map of global horizontal irradiance. Credit: © 2015
Vaisala Inc. The arrows on the map indicate the locations of the four PV systems analysed from the online platform PVOutput*. The colour scale on the

map shows the difference in the annual mean global horizontal irradiance (G

HI) over the entire globe. AE, is the relative deviation between the average

measured yield by each system and the estimation obtained with the proposed annual energy yield model.

an average albedo of 0.2, the annual DC yield of the systems can be
calculated. However, as most PV systems measure only the AC gen-
erated electricity, it is necessary to estimate the AC yield of the PV
systems from the DC yield of the PV modules. The ultimate AC yield
has been calculated taking into account the European efficiency of
the SE3500 solar inverter (97.6%) and the following system losses™:
maximum power point tracking (MPPT) losses (accounting for 1%
absolute efficiency loss at system level), module mismatch losses
(1% absolute), Ohmic losses (3% absolute), availability of the sys-
tem (1% absolute) and soiling losses (1% absolute). All factors taken
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into account, the resulting ultimate DC to AC conversion efficiency
is 90.6%. In Fig. 5 the characteristics and performance of the ana-
lysed PV systems is presented. From the comparison between the
measured and estimated AC yields, it is concluded that the average
estimation error is 0.7%, while the maximum error corresponds to
the PV system installed in Culemborg (underestimated by 9.8%).
The energy yield of small PV systems (up to 5kWp) is estimated
with high accuracy (the largest deviation is 4% for the system in
Venlo). On the other hand, the yield of large systems is slightly over-
estimated. This overestimation is most likely due to fact that the
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sky view of PV modules in a large system can differ substantially
(that is, one module can be much more shaded than another). To
improve the estimation, the SVF and SCF values could be calculated
at different points in the array.

Validation study in different climates

The model performance was also evaluated in different climates
using PV systems from the PVOutput online database™. PVoutput
is a free online service that allows its users to configure their PV
systems to automatically upload live monitored data. We looked for
systems in the database that fulfill the following six criteria: moni-
toring time must be longer than five years; data loss for any year
must be lower than 1% (that is, three days per year); the generated
electrical energy must be consistent through time; the PV system
must be visible on Google Earth; photogrammetry data must be
available to reconstruct the landscape; the PV module and inverter
models must be identified.

Following the selection criteria, four PV systems were selected.
The landscape surrounding each system was reconstructed using
photogrammetry data (Supplementary Note 2). The correlation
coefficients for each of these systems were obtained using climate
data generated with METEONORM and the AC energy yield
was determined as in the case of the systems in the Netherlands.
Figure 6 again shows a good agreement between the estimations
and the measurements. The largest deviation corresponds to the
system in Adelaide (7.9%), but it should not be associated with
the high irradiation level at this location. The AC yield bar graph
corresponding to the system in Adelaide shows a decreasing trend
in time. This drop is partly due to the meteorological conditions
(the annual global irradiation in Adelaide has decreased approxi-
mately 4% from 2013 to 2017%), but it could also be associated with
the degradation of PV module performance, which is not consid-
ered in the annual energy yield model.

Improvement in computation time

The model proposed in this paper implies a great improvement in
terms of computational complexity. We compared the computa-
tion time of our method with that of the irradiance-based approach
using implementations in MATLAB. On average, the simulation
using the irradiance-based approach took 260+ 30ms, whereas
using our simplified model it took only 14 +2ms. Moreover, the
amount of memory required by our model is more than a thousand
times lower.

By combining our model with different methods for obtaining
the skyline from 3D urban point clouds®”, it is possible to quickly
generate a solar energy potential map. Considering the above-men-
tioned simulation times, the calculation of the potential of a PV
system over a 100m by 100m cadastre with 1m resolution using
the irradiance-based approach would take 43 minutes, whereas our
method could do it in only 2 minutes. Furthermore, the computa-
tion time can be substantially reduced using a graphics processing
unit (GPU) to allow quick assessment of much larger areas.

The main advantage of our model is the introduction of the SCF
to estimate the direct and circumsolar irradiation. The SCF can be
rapidly calculated knowing the sun path and the shape of the skyline
profile. Nevertheless, the SCF is not an irradiance-weighted param-
eter and our model presents higher deviations in the case of surfaces
with a low solar potential; which, however, are the least interesting
for PV applications.

The accuracy and speed achieved with the proposed model can
be used to improve current solar-based urban planning design
methods to take into account the solar potential of a building as
a design parameter’® . As an example, by applying our model, it
would be possible to find the optimum shape and distribution of
buildings in a cadastre to maximize the solar energy potential of the
entire group of buildings.
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Conclusions

This work reports on a simplified model to directly estimate the
irradiation on a surface and the yield of a PV system in urban areas
using two indicators: the SVF and the SCE The proposed model
requires the generation of five coefficients that depend on the local
climate. These coefficients are generated one time, and later used to
predict the irradiation and yield of a PV system at any place within
a region with a similar climate. At this place, the SVF and the SCF
of the PV module must be determined, and using the correspond-
ing correlation coefficients the annual irradiation and yield can be
quickly calculated.

The outcomes of the validation studies show that the maxi-
mum estimation error of the proposed model is lower than 10%.
Moreover, our method entails a substantial reduction in the com-
putational requirements for calculating the yield of PV systems in
complex urban environments. This improvement allows one to
quickly transform digital elevation models into detailed solar energy
potential maps which can help architects, engineers and urban plan-
ners to build more sustainable cities.

Methods
The simulation framework. The transposition model used in this study
distinguishes three irradiance components: direct, diffuse and reflected.

The direct beam component GS,[" is proportional to the measured DNI*' and
can be expressed as

Goir=DNI cos (AOI) ©)

where AOI is the angle between the solar vector and the normal to the PV module
front surface”.

The diffuse irradiance component Go! is obtained from the measured DHIL
For this study the simplified version of the anisotropic Perez model* was used,
which divides the diffuse irradiance into three sub-components: isotropic (G;,Sf),
circumsolar (Gﬁ') and horizontal ribbon (G;}f) , each of them respectively
corresponding to the terms in equation (10):

G =DHI | (1-F)SVF +F, % +F, sin(0),) (10)

where F, and F, are empirical coefficients, respectively corresponding to
the circumsolar and horizontal ribbon components, a and b are geometrical
coefficients that depend on the sun position, and SVF is the sky view factor.

For a tilted module mounted close to the ground, the ground reflected
component (also called the albedo component) is assumed to be proportional to
the albedo coefficient of the ground surface a,,:

Gi'=GHI a,,y (1-SVF) (11)

Following the calculation of the POA irradiance, the module temperature
must be determined using a thermal model. In this study, the fluid dynamic model
proposed in ref. ** is used to estimate the temperature of the module in the steady
state. The fluid dynamic model takes into account variables such as the wind speed,
ambient and ground temperatures, the cloud cover, the mounting and the total
plane of array irradiance.

The effective radiation reaching the solar cell and its temperature are the inputs
to an electrical model that is used to determine the generated current and voltage.
Despite it having been shown that the single and double diode models* are the
most precise models for calculating the power output, here the model described
in* has been used for it offers high accuracy and all the parameters that the model
requires can be easily obtained from the PV module datasheet. The PV module

efficiency n,, at given irradiance (G,;') and temperature (Ty,) levels is given by

STC STC G|
My =My 1+ (Ty=Ty )]|1+1n %] (12)
M
where ’7,3TC is the efficiency of the module under STC, § is module’s power
temperature coefficient and y is given by
NnkgT,
y=—""r" (13)
9Voc

where N, is the number of series-connected PV cells in the module, # the ideality
factor of the solar cell, which depends on the PV technology™, k; the Boltzmann

213


http://www.nature.com/natureenergy

NATURE ENERGY

ARTICLES

constant, q the elementary charge and V3~ the open-circuit voltage of the module
under STC.

The effect of the skyline on the solar irradiance components. The calculation of
the irradiance components in raised horizon locations is modified according to the
following assumptions:

. Gf,li': the direct component is concentrated in the sun disk, yet in the simplified
Perez model the sun is assumed to be a point source centred in the sun disk*’.
Therefore, this component is null when the sun is blocked by the skyline
profile.

. Gﬁ'z the circumsolar radiation is distributed around the sun disk, but in the
Perez model it is also reduced to a point source centred at the sun disk. Conse-
quently, this component is also null when the sun is blocked.

+  GiF: when the objects that constitute the skyline profile are low and very
distant from the module, the horizontal ribbon component is only slightly
affected. However, if the objects are close to the POA, as in most urban land-
scapes, the contribution of the horizontal ribbon is considered negligible®.

. Glif{": the diffuse isotropic radiation is reduced proportionally to the SVE.

G the reflected radiation is proportional to the global horizontal radiation

which in turn depends on the skyline profile (SP). If the skyline is above the

horizon line, the global horizontal radiation reaching the ground surface is
equal to GHIg, which depends on the position of the sun:

«  GHIg, =DNI sin(ag)+DHI [(I—Fl) SVE+F % , if the sun is in front of the
module and above the skyline.

«  GHIg, =DHI (1-F) SVF, if the sun is behind the module or blocked by the
skyline profile.

Calculation of the SVE. The SVF at a free horizon location (SVF,) is a function of
only module tilt (6,) and can be expressed as

1+ cos(0)y)

SVE(0y) =

(14)

However, in locations with a raised horizon the SVF must be calculated by
numerical integration. This can be done using the work of Steyn for fisheye-lens
pictures of the skyline®. Steyn divides the images of the skyline into multiple
slices and rings that define a number circular sectors to calculate the SVF
(Supplementary Fig. 4). Each of the circular sectors is mapped into rectangular
sectors when the skyline is projected onto a Cartesian altitude-versus-azimuth plot
like the ones shown in Fig. 2. Steyn gives the analytic expression to calculate the
contribution of each of these sectors to the SVF value. Given an arbitrary skyline,
the SVF can be computed by adding the weight of the sectors corresponding to
visible parts of the sky.

When a PV module is tilted in a raised horizon location, the light coming from
the part of the sky that lies behind the plane of array cannot reach the front surface
(Supplementary Fig. 5). This part of the sky blocked by the POA also contributes
to reduce the SVE, thus it must be added to the skyline profile (Supplementary
Fig. 6). It can be shown, that a rectangular sky sector in the altitude-versus-azimuth
plot centred at a point with azimuth A, and elevation g, is behind the POA of
a PV module with azimuth A, and tilt 6, if the following conditions are met
simultaneously

z
[Ap—Ayl < 3 (15)

cos(ap) < (1+ (tan(fy,) cos (Ap—A,,)) %) . (16)

These two conditions allow one to identify the sky sectors blocked by the
POA, and Steyn’s method can be used to calculate the reduction in the SVF value.
It can also be demonstrated that this method of calculating the SVF converges to
equation (14) at free horizon locations.

Mathematical definition of the SCFE. In locations with a raised horizon, such as
urban environments, the altitude of the skyline profile (a,,) can be described as a
function of the azimuth (A):

a.,(A), A€ 0°,360") (17)

Using the previous definition, the SCF can be mathematically expressed as

J 2, As(®), as(e)at

year

[ 1y (ag(e))dt

year

SCF= (18)

where A and ag are the solar azimuth and elevation respectively and
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<
2 (Agag) = 1 0<ag<ag,(Ay) (19)
P 0 otherwise
1 a¢>0
(ag) = s 20
s 0 otherwise (20)

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding authors upon reasonable request.
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