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Abstract

Recently, climate action has become a priority in the agendas of every government, and the Nether-
lands was no exception. Almost 6 months ago, the so-called Klimaatakkord was released. This cli-
mate agreement sets ambitious goals to reduce greenhouse gas emissions, such as ensuring that
70% of the electricity comes from renewable sources by 2030 (only 13% does today). Considering
that the Netherlands is the 2nd most densely populated country in the EU and that by 2050 95% of
the population will live in urban areas it can be predicted that rooftop PV will play a major role, since
it occupies no extra space and generates energy next to the consumption points. This project aims
to develop a large scale rooftop PV potential assessment tool which can help urban planners, grid
operators and homeowners stimulate the uptake of clean solar energy.

In order to build such a tool, the first step was to extract the information of the rooftop surfaces.
To do so, a model that uses openly available height point cloud data (AHN3) and cadastral data
(BAG) was developed in-house. This model can extract the tilt, orientation, and area of every roof
surface on a building. It can do it with an average estimation deviation of -0.02° for tilts and -0.66°
for orientations. The area estimation percentage is 80.5% of the total area of the roof, mainly due to
data quality issues, while the model takes an average of 5 seconds to extract the roof information of
a building.

The second step was to develop a PV yield calculation tool for estimating the potential of the ex-
tracted roof surfaces. As computational time is a constraint for large scale PV potential assessment,
the Simplified skyline-based method was used. This method was improved by implementing two
correction factors, optical airmass and angle of incidence, which can now be applied to surfaces
with any tilt and orientation. Consequently, the PV yield calculation tool estimates the energy po-
tential with an average estimation deviation of -6.64% and takes 2.7 seconds on average per build-
ing.

In an effort to prove the application of the developed tool a PV potential assessment was done for
the municipality of Delft. The results show that if every rooftop in the city would be covered with
the state of the art PV module technology (SunPOWER MAXEON 3 | 400 W), 437.38 GWh could be
generated, which represents 81% of the total electricity consumption in 2018. In the case of only
suitable rooftops being covered, those with a yield of over 650 kWh/kW and payback time of less
than 10 years, 384.81 GWh could be yielded, which could cover up to the 72% of the electricity
demand in 2018.

The research made in this project together with the positive findings hope to support in accelerating
the transition towards a more sustainable world.
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1
Introduction

The goal of this chapter is to firstly introduce the motivation of the research project and explain the
relevance of PV potential mapping in the energy transition. Secondly, the current market landscape
is studied. Finally, the thesis project objectives and outline are stated.

1.1. Motivation

In the past few years, things have changed for good. Finally, Climate Change has been considered a
fact rather than a debatable topic. World leaders have agreed that fighting global warming is a top
priority and therefore, have gathered to set targets in order to limit the planet temperature increase.
The most recent convention is the Paris agreement in 2015, where most of the countries on earth
committed to "holding the increase in the global average temperature to well below 2 °C above pre-
industrial levels and pursuing efforts to limit the temperature increase to 1.5 °C above pre-industrial
levels, recognizing that this would significantly reduce the risks and impacts of climate change"
[1].

In an effort to meet those goals, each and every country presented their plans of action to reduce
their national greenhouse effect gas emissions. The Netherlands was no exception, the western
European country presented its "Klimaatakkord" on the 28th of June of 2019 [2]. This agreement
focuses on five main sectors: electricity, built environment, industry, mobility and agriculture &
land use. The goals of the four most relevant for this project are stated below:

• Electricity: In 2030, 70 % of all electricity will come from renewable sources. This will be done
with wind turbines at sea, on land and with solar panels on roofs and in solar parks [2].

• Built environment: By 2050, 7 million homes and 1 million buildings will eliminate their nat-
ural gas dependence. Thus, insulating and using sustainable heat and electricity. As a first
step, the first 1.5 million existing homes must be made more sustainable by 2030 [2].

• Industry: By 2050, the industry will be circular and will virtually no longer emit any green-
house gas. The factories will run on sustainable electricity from the Sun and wind or energy
from geothermal energy, hydrogen and biogas. The raw materials will come from biomass,
residual flows and gases [2].

• Mobility: Mobility in 2050 will be emission-free and of high quality. Electric driving will be
important [2].

1



2 1. Introduction

It can be concluded that electrification is the main strategy towards a carbon neutral country. How-
ever, the Dutch energy mix is far from reaching a 70 % renewable electricity. In fact, only 13 % of the
electricity consumed in the Netherlands today comes from renewable energy sources [3]. Figure 1.1
shows the energy sources of the Dutch electricity mix.

Figure 1.1: Dutch Electricity Mix in 2019 [3].

In order to reach the proposed goals, the Netherlands needs to invest heavily in wind and solar
plants. Nevertheless, the Netherlands is a small country with the 2nd highest population density
in the EU, only after Malta [4]. Therefore, land use is a delicate matter since energy plants compete
with other important sectors, such as agriculture or industry. For this reason, the Dutch government
has made clear its intentions to develop off-shore energy plants. A roadmap to reach 11.5 GW of off-
shore wind capacity by 2030 was revealed in 2018 [5], while there are still no concrete plans for solar
development.

Nonetheless, the government of the Netherlands is aware of the great potential of solar energy.
Hence, there is a program for stimulating the growth of this renewable energy source, which offers
tax cuts and investment grants to the people that install PV panels, learn more in [6].

Furthermore, the global urbanisation trend is also a reality in the Netherlands. As it can be observed
in Figure 1.2, by 2050 over 95% of the population will live in urban areas. This means that the elec-
tricity consumption will also shift towards densely populated cities, where it will double due to the
electrification of mobility and heating, according to [7].

This highlights the importance of urban energy generation and specifically of roof-top PV, since it is
the most appropriate solution.

Urban planners (municipalities) and DSOs (Distributed System Operators) will increasingly require
to keep track of the potential PV generation in the built environment, which arises the need of hav-
ing quality PV potential assessment services.

Future energy systems will be more sustainable but also more complex. Thus, information about
the potential energy generation in the different neighbourhoods of the city will become crucial,
specially for electricity grid planning. PV potential studies combined with grid infrastructure data
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Figure 1.2: Urban and rural population in The Netherlands as a percentage of the total population,
1950 to 2050 [8].

will enable decision makers to see if the hosting capacity of the grid allows further PV installations
or if the grid might require upgrades.

Finally, on the consumer side, some of the barriers that slow down the adoption of PV could be taken
away by facilitating yield prediction in a quick and user-friendly manner. Consumers would have
fewer concerns about the suitability of their rooftop for a PV system. A so-called ”quick-scan” algo-
rithm could quickly provide them with a first estimate on these matters, which will bring awareness
and incentivise green energy generation.

1.2. Market landscape

In order to determine the uniqueness and relevance of the PV potential assessment tool presented
in this report it is important to study the similar solutions available in the market. Two different
categories will be analysed, firstly, online yield prediction platforms and secondly, GIS softwares
that can calculate the potential of solar energy in the built environment.

1.2.1. Online yield prediction platforms

This subsection introduces the two most similar online yield prediction platforms, both are national
open source platforms that predict the yield of buildings using the same data sources as the tool
presented in this report.

Zonatlas
This openly available online platform is probably the most complete one. It offers three different
maps, the first one shares the PV suitability of each building, the second one illustrates the irra-
diation impinging in each roof segment of the building and the last one shows the suitable roof
surfaces. The maps make use of the highly detailed height data, Actueel Hoogtebestand Nederland
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(AHN3), and land register data [9]. With these files a 3D model is made for every municipality in
the Netherlands. Then the irradiation and yield are calculated. However, this important part is not
explained in their website, which makes it a considerable downside, since the user does not know
how the shown values have been calculated.

Regarding the first map, Zonatlas makes a distinction between very suitable roofs (colored green),
suitable roofs (colored yellow) and less suitable roofs (colored red) for generating solar energy. Fig-
ure 1.3 shows a screenshot of the map. The suitability classification is explained below.

Figure 1.3: Screenshot of Zonatlas website, showing the PV suitability map.

• Green roof: very suitable roof surface. A highly suitable roof surface is at least 11 m² (good for
1.25 kWp) and has significant annual solar irradiation (at least 85% of the highest irradiation
of the region).

• Yellow roof: suitable roof surface. A suitable roof surface is at least 11 m² (good for 1.25 kWp)
and has good annual solar radiation (at least 70% of the highest radiation of the region).

• Red roof: buildings on which - according to the automated calculation based on the available
data - less than 11 m² (good for 1.25 kWp) can be installed or where the solar irradiation is
very low, are considered less suitable (less than 70% of the highest radiation of the region).
Solar panels on these roofs can have a relatively long financial payback period. It may also be
that there is not enough (accurate) data available for the roof, as a result of which a reliable
determination of suitability has not been able to be made.

If you click on one specific building you are able to see which parts of the roof receive more irra-
diation (exactly what is shown in their second map, Figure 1.4) and also learn about the payback
period of a potential PV system. Zonatlas only allows 5 building requests from a same computer IP
address.

As seen in Figure 1.4, the roof segmentation appears to be quite accurate, nevertheless, the values
of irradiation are shown in a scale of low to high, not specifying any values, which is yet another
significant drawback.

Lastly, their third map, Figure 1.5, only illustrates the roof surfaces with enough potential, and then
within those it differentiates two categories: high sunshine and little sunshine. This map appears
to be of little use due to the fact that it does not specify which values correspond to the threshold to
consider if a surface is suitable or receives high/little sunshine.

Pico Geodan
This online platform follows the same input data as Zonatlas and the tool presented in this thesis.
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Figure 1.4: Screenshot of Zonatlas website, showing the irradiation map.

Figure 1.5: Screenshot of Zonatlas website, showing the suitable roof surfaces.

Thus, height point cloud and land register data. Nevertheless, Pico Geodan uses AHN2 version of the
elevation point cloud data, which is already outdated since it was taken in between 2007 and 2012,
compared to AHN3 that was taken in between 2014 and 2019. Regarding the explanation behind
their calculations, it is stated that the yield is determined on the basis of the average incoming solar
radiation between 1990 and 2010 from weather station De Bilt. This data comes from the KNMI
(Koninklijk Nederlands Meteorologisch Instituut). The efficiency of solar panels is set to 16% with a
performance ratio of the entire PV system of 85% [10].

Figure 1.6 represents a screenshot of the offered map. It colours buildings in different tones de-
pending on how high their potential PV yield is and it specifies the value of their potential energy
generation.

There is no specification of which roof surfaces are the most suitable ones, which together with the
outdated height data make this platform less appealing.
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Figure 1.6: Screenshot of Pico Geodan website, showing the PV yield potential of each building.

1.2.2. GIS Softwares

Two of the main GIS softwares capable of calculating the solar irradiation are introduced in this
subsection. Their irradiation calculation approach and model are analysed.

GrassGIS-r.sun
When comparing open-source GIS software, GRASS GIS, or Geographic Resources Analysis Support
System, is considered to be the best for research [11], but does have a steep learning curve. Tools,
with their parameters, need to be inserted in a text format style, which means its not intuitive and
requires detailed research for each parameter. With this tool, in Mode 1, a local time can be spec-
ified to compute solar irradiance raster maps [W/m2]. In Mode 2, the r.sun tool computes direct
(beam), diffuse and reflected solar irradiation for given day [Wh/m2/day], by integrating the irradi-
ance between sunrise and sunset with a default time step of 0.5 hours. The yield over a longer range
of days can be obtained from the r.sun.daily tool. The prefix “r.” means the tool can only work with
raster data, opposed to vector. In total there are 29 parameters that can be altered across the two
modes.

The r.sun tool works within the GRASS GIS environment, so user experience is required. Many pa-
rameters need to be determined to provide accurate results. Having obtained these, results are au-
tomatically exported into raster maps and can be visualized inside the program.

In the documentation page of [12] it is mentioned that the sky model of r.sun is based on the formu-
las suggested by Kittler and Mikler (1986). Although this exact work could not be retrieved, Kittler
has been linked to the CIE standard sky model [13]. By default, a standard clear sky is considered,
but using real-sky radiation (beam, diffuse) coefficients that define the fraction of the reduction by
atmospheric factors (e.g. cloudiness). Usually these coefficients can be obtained from meteorolog-
ical measurement provided as raster maps [12].

The error of r.sun is considered to be below 10% in clear sky conditions, but grows larger in cloudy
conditions. Its irradiance model is ranked as the 8th most accurate clear-sky direct irradiance esti-
mation model among the 18 studied radiative models in [14].

ArcGIS-Solar radiation tool

ArcGIS includes a solar radiation tool in its Spatial analyst toolbox. The tool, as most of the features
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in this GIS software, is very user friendly. In order to estimate the irradiation, it only needs the
digital elevation model (DEM); optionally the sky resolution, the time configuration, topographic
parameters and radiation parameters can be configured.

The irradiation calculation methodology consists of firstly a viewshed calculation, which is a raster
representation of the entire sky that is visible or obstructed when viewed from a particular location.
Secondly, a sun map is calculated, which is a raster representation that displays the position of the
Sun as it moves through the hours of the day and through the days of the year. This map is used
to later calculate the direct irradiation. Thirdly, a sky map is calculated to represent the diffuse
irradiation in every sky sector.

Consequently, both the Sun map and the sky map are overlayed with the viewshed, to estimate
the direct and diffuse irradiance respectively. This process is repeated for every location of interest
[15].

Reflected irradiation is not included in the calculation of total irradiation. Thus, the total irradiation
of the solar radiation tool is calculated as the sum of the direct and diffuse irradiation.

The irradiation model used by this tool is based on methods from the hemispherical viewshed algo-
rithm developed by Rich et al. ([16]) and further developed by Fu and Rich ([17]) [18].

The Fu and Rich model is ranked as the worst one among the 18 radiative models in terms of clear-
sky direct irradiation estimation, which is generally proportional to the global irradiance calcula-
tion. Moreover, in words of the author of the study "the solar radiation tool of ArcGIS should not be
used for serious work, since it is far from accurate" [14].

1.2.3. Conclusions of the market research

In this market research mainly two aspects have been studied, mapping features (online platforms)
and irradiation calculation approach and model (GIS softwares).

The online platforms follow a similar approach to one that will be used to extract the roof surfaces
in this project. Zonatlas does not show any clearance on how the calculations have been done or if
any validation has been carried out. Furthermore, their maps do not show specific values for yield
or irradiation. Regarding PicoGeodan, it uses an old version of height point cloud data and does not
segment the roofs, it just shows a yield prediction for the whole roof.

r.sun from GRASSGIS is considered an accurate tool to estimate the irradiation but requires a steep
learning curve to be able to use it. However, the solar radiation tool of ArcGIS is a user friendly tool
but its irradiation model is far from accurate and cannot be considered for serious work.

The computational time of the GIS irradiation tools has not been assessed and therefore conclusions
cannot be drawn.

1.3. Research objectives

After introducing the motivation of this thesis and analysing the market landscape, the main thesis
objective can be formulated as well as the research questions that must be addressed in order to
accomplish it.

The main research objective is:

Development and proof of application of a large scale rooftop PV potential assessment tool with
roof segment resolution.
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The following research questions will be evaluated in order to accomplish the main objective:

Research question I: How can the information of the potential surfaces for PV be extracted from
open source data?

This sub-objective deals with the question of what and how data sources could be used to extract
the information of the roofs where potentially PV panels could be installed.

Research question II: How can the existing tool be evolved to calculate a high resolution PV yield in
large scale urban areas?

This research question will address how to evolve and improve an existing irradiation and DC yield
model (developed by [19] and [20] and adapt it to be able to use it for large urban areas.

Research question III: How can the application of the developed model be proved?

In order to prove the application of the developed model it will be applied for studying the PV poten-
tial of the municipality of Delft. Thus, the results of potential PV energy generation can be analysed
and compared to the existing electricity consumption.

1.4. Report outline

Subsequent to introducing the thesis motivation, market landscape and project research questions
Chapter2 focuses on explaining the theoretical background to enable the reader to follow the re-
port. Starting from describing the relevant parameters for solar irradiation calculation to outlining
the procedure of measuring and calculating them, finally it introduces the PV system modelling
methods.

Chapter 3 shares the methodology used to tackle research question I, describing the data sources
used, the approach and the output data from the in-house built model.

Chapter 4 analyses the model used for estimating the solar irradiation and yield as well as describing
the improvements made to accomplish a more accurate tool.

Chapter 5 summarises the most relevant results of the developed tool, showing the validation of
both the surface information extraction tool and the PV potential calculation tool. Lastly, the case
study of the municipality of Delft is discussed.

Conclusions are drawn in Chapter 6 and the possible upgrades to the model and future work are
presented in Chapter 7.



2
Theoretical background

This chapter provides the reader with all the theoretical background that will be required for fol-
lowing the rest of the report. First, relevant parameters for calculating the solar irradiation are in-
troduced. Secondly, the procedure to calculate these parameters is described. Section 2.3 explains
how these are extracted in a faster manner, in order to be applied in a quick scan algorithm. Finally,
section 2.4 analyses the conventional modelling techniques and the one used for developing the
tool presented in this project, the Simplified skyline method.

2.1. Relevant parameters for solar irradiation calculation

In order to understand all the terminology used throughout the report it is important to become
familiar with certain parameters. These parameters are used for the calculation of irradiation and
yield.

2.1.1. Solar and module position parameters

Firstly, the parameters describing the positions of the sun and the PV modules are introduced.

Figure 2.1a describes the altitude (as) and azimuth (As) of the sun. The altitude, as the name states,
describes how high the sun is with respect with the horizontal surface, therefore, when sun is located
completely above the observer, the value of (as) will be 90° whereas when the sun is positioned at the
horizon for the observer, the value equals 0°. Regarding the azimuth, it is defined as the horizontal
angle measured clockwise starting at 0° in the Northern direction, going up to 360°.

Figure 2.1b also shows the tilt of the module. Similarly, the azimuth of the module (AM) is the hor-
izontal angle between the origin (North) and the horizontal projection of the normal vector of the
module POA. The altitude of the module (aM) is 90° when the panel is placed flat on the surface,
whereas the tilt (θM) is then 0°, since the sum of aM and θM is always 90°.

2.1.2. Solar irradiation indicators

Furthermore, understanding the terms "skyline profile", "SVF" and "SCF" and their influence will
be crucial to properly follow the explanations written in this report.

9
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(a) Solar position. (b) Module tilt and orientation.

Figure 2.1: Definition of altitude and azimuth in the horizontal coordinate system. Adapted from
[21]

Skyline profile
The skyline profile is a 2D projection of the 3D surrounding landscape calculated at the central point
of a PV module and it is required to precisely calculate the yield of a PV system. Figure 2.7b shows
the skyline profile from the centre of the main square in Delft.

Sky View factor (SVF)
The Sky View Factor (SVF) is a parameter that can be extracted from the skyline profile. It describes
the ratio of visible sky with respect to the whole sky dome. When there is a completely free sky-
line profile the value of SVF is 1, whereas when it is completely obstructed, its value equals 0. For
instance, the SVF of the skyline showed in Figure 2.7b is equal to 0.9167.

Regarding the calculation of SVF, in a condition of free horizon, the SVF only depends on the tilt
angle of the module (θM). The more tilted the module the lower SVF, since the part of the sky laying
behind the POA of the panel will become bigger and therefore a smaller fraction of sun rays will get
to the active surface. This is explained in Equation 2.1 and illustrated in Figure 2.2.

Figure 2.2: SVF is only dependent on the θM in a free horizon condition, courtesy of A. Calcabrini

SV F fh(θM) = 1+ cos(θM)

2
(2.1)
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However, most of the PV locations have a raised horizon, specially in urban environments. In that
case, the SVF has to be calculated by numerical integration. The sky dome must be discretised in
small sky sectors as shown in Figure 2.3. The SVF can then be calculated according to Equation 2.2,
where VF ij is the view factor of each of the sky sectors that are visible for the PV module and is
calculated according to Equation 2.3.

SV F =∑
i

∑
j

V Fi j (2.2)

V Fi j =
n1 ·ni j

π
· cos(ai j

S ) ·∆AS ·∆aS (2.3)

Where nij stands for the normal vector of the sky sector ij, n1 represents the normal vector of the PV
module surface and ∆As, and ∆as describe the area of the sky sector.

Figure 2.3: Sky dome discretized into sky sectors of width ∆As and height ∆as, courtesy of A.
Calcabrini

Sun Coverage factor (SCF)
The Sun Coverage Factor (SVF) is also a crucial parameter to estimate the irradiation in the Sim-
plified skyline-based method, which is further analysed in subsection 2.4.2. It describes the ratio
between the hours that the sun is behind the module or obstructed by an obstacle and the total
amount of time the sun shines per year at the same location with a free horizon.

SC F =
∑

year χsp(AS(t ), aS(t ))∑
year χfh(aS(t ))

(2.4)

where

χsp(AS(t ), aS(t )) = 1 if 0 < aS(t ) ≤ asp(AS(t ))

= 0 otherwise
(2.5)

χ f h(aS(t )) = 1 if aS(t ) > 0

= 0 otherwise
(2.6)
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2.2. Standard procedure to measure module parameters

The first step prior to installing a PV system in your roof is usually estimating what the potential
yield of the system would be. Depending on the result, people assess if it is worth it for them or
not.

In order to calculate the potential energy generation a few parameters need to be known. As previ-
ously introduced, the tilt and orientation of the modules and the skyline profile of the surroundings
of the roof.

For estimating the roof tilt, and therefore, usually the tilt of the future PV panels, the standard proce-
dure is time consuming. Someone would generally need to step on the roof and measure the slope
with a Digital level meter. An example of one of them can be seen in Figure 2.5.

Figure 2.4: Digital level meter to measure tilt, from [22].

Similarly, the typical procedure for calculating the orientation your roof is facing is by measuring it
with a compass. Figure 2.5 shows an example.

Figure 2.5: Digital compass to measure orientation, from [23].

Finally, the skyline profile to learn about the potential shading losses your system would have can
be calculated with a HORIcatcher tool. This device will take a 360° view of the obstacles around your
roof. Figure 2.6 illustrates how this tool looks like.

2.3. Quick procedure to calculate module parameters

However, if a large scale estimation of rooftop PV potential is the aim, the above-mentioned pro-
cedure is no longer feasible. An alternative approach must be followed to speed up the process. In
order to achieve the main goal of this project, developing a quick rooftop PV potential calculation
tool a height point cloud and cadastral data have been used to estimate the tilt, orientation and
skyline profile.

Chapter 3 further explains the characteristics of the used data sets as well as the procedure followed
to obtain the tilt and orientation of any roof surface in a fast way. Regarding the skyline profile
calculation, firstly Sonmez and then Keijzer developed an algorithm to extract it from the previously
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Figure 2.6: HORIcatcher tool to calculate the skyline profile, from [24].

mentioned height point cloud data. Please refer to [25] & [26] to learn more about it. This process is
also quick and ideal for large scale calculations. The results are shown in Figure 2.7.

This algorithm has been combined with the Simplified skyline-method, introduced in subsection 2.4.2
and further analysed in Chapter 4, to later estimate the irradiation and yield of roof surfaces in a
quick way.

2.4. PV system modelling methods

In the last decades, the PV industry has grown exponentially and so the simulation tools to esti-
mate the potential irradiation/energy generation of different systems are becoming more impor-
tant. Many softwares and tools are being developed, such as, rsun from GRASSGIS and solar radia-
tion tool from ArcGIS (introduced in subsection 1.2.2).

Most of these softwares/tools estimate the irradiance impinging on the plane of array (POA) on a
hourly basis, considering the surface characteristics (tilt and orientation), the radiation intensity
and the weather conditions. Then, in order to calculate the annual irradiation or yield all the hourly
values are integrated. These tools are named irradiance-based approaches, further explained in
subsection 2.4.1.

Nevertheless, if the objective is to only estimate the annual PV potential of different surfaces for
seeing if they would be suitable for PV purposes (like in this project), then the intermediate hourly
values would not be useful. They would just make the calculations highly computationally demand-
ing, due to the repetitive calculation process. As a solution to this, [19] came up with a new method
to estimate the annual irradiation and yield called the "Simplified skyline-based" method, which is
the one used for this project and further explained in subsection 2.4.2.
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(a) LiDAR plot representing the main square in Delft.

(b) Skyline profile using LiDAR data.

(c) Skyline profile obtained with LiDAR data represented as a read line over the Horicatcher image.

Figure 2.7: Skyline profile obtained from LiDAR data compared to the one obtained with a
Horicatcher tool [26].
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2.4.1. Irradiance-based approach

The majority of irradiance-based approaches combine irradiance, thermal and electrical models to
calculate the annual irradiation and energy yield of a PV panel. As described at Figure 2.8, such
models require three different inputs to calculate the instantaneous irradiance on the plane of array
and the electric power generated:

• Meteorological data: Data that is usually retrieved from weather stations, like irradiance mea-
surements, ambient and ground temperature, wind speed and cloud cover.

• Location specifications: Geographical coordinates and the obstacle view surrounding your
system. GIS softwares require the Digital Elevation Model, from which the two above-mentioned
parameters can be extracted.

• PV module data: The mechanical, electrical, optical and thermal parameters of the PV panel
as well as its dimensions.

Figure 2.8: Irradiance based approach flowchart, from [19]

The total irradiance impinging on POA, or global irradiance (GM
tot), is calculated as the sum of three

components, as described in Equation 2.7 and illustrated in Figure 2.9. These components are the
direct, diffuse and reflected irradiance.

Figure 2.9: Irradiance components, from [21]

G tot
M =Gdi r

M +Gdi f
M +Gal bedo

M (2.7)
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The direct irradiance is calculated from the DNI, the angle of incidence (AoI) and a shading factor
(SF), as shown in Equation 2.8. DNI stands for Direct Normal Irradiance (DNI) and refers to the
direct light that is incident on the plane that is perpendicular to the sun. The AoI is dependent on
the altitude and azimuth of the Sun and on the module tilt and azimuth, described in Equation 2.9.
On the other hand, the shading factor (SF) takes the surrounding obstacles into consideration and
varies from 0 when the sun is completely shaded to 1 when there is a free horizon.

Gdi r
M = DN I ·cos(AoI ) ·SF (2.8)

cos(AoI ) = cos(θM ) · sin(aS)+ sin(θM ) ·cos(aS) ·cos(AM − AS) (2.9)

It is important to highlight that only positive values must be considered for cos(AoI) unless the mod-
ules are bi-facial. Negative values happen when the angle of incidence is larger than 90°, which
means that the Sun is located behind the module.

Diffuse irradiance is due to photon scattering throughout the atmosphere, which can be explained
as direct irradiance undergoing multiple reflections while bouncing against air and water particles
(clouds for instance) in the air, thereby changing direction. As it could be expected, this component
will become more important in cloudy days.

There are many models that describe the diffuse irradiation calculation, however, since the simpli-
fied version of the anisotropic Perez model [27] is used in subsection 2.4.2, this method is shown.
It divides the diffuse irradiance into three sub-components: isotropic, circumsolar and horizontal
ribbon, each of them corresponding to the terms in Equation 2.10.

Gdi f
M = D H I

[
(1−F1)SV F +F1

a

b
+F2 sin(θM )

]
(2.10)

where F1 and F2 are empirical coefficients, respectively corresponding to the circumsolar and hor-
izontal ribbon components and a and b are geometrical coefficients that depend on the sun posi-
tion.

The third component is the reflected irradiance or albedo irradiance, which is the irradiance that
was originally direct or diffuse, but reached the module via the ground or other surfaces. Equa-
tion 2.11 describes its calculation.

Gal b
M =G H I ·α · (1−SV FM ) (2.11)

where α is the albedo value or reflectivity of the ground or surface and the GHI is the global hori-
zontal irradiance.

Once the global irradiation impinging on POA is calculated, the value becomes the input of the ther-
mal model. This model takes into account variables such as the wind speed, ambient and ground
temperatures, the cloud cover and the mounting to obtain the operating temperature of the PV
module, which together with the computed irradiance, are the inputs to the electrical model to cal-
culate the instantaneous power generated by the PV module.

The instantaneous power is calculated for every time step and then integrated to get the total value.
This modelling approach consists in repetitive expensive calculations, which require a high amount
of meteorological data. Furthermore, the larger the area of study the more input data becomes
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necessary for the model. Hence, for the purpose of this thesis (large scale rooftop PV assessment),
this modelling approach does not seem to be appropriate.

2.4.2. Simplified skyline method

As introduced previously, Calcabrini developed this modelling approach in an effort to simplify the
irradiation and energy yield estimation [19]. For doing so, the first assumption is based on using
climate data as an input, contrary to the above mentioned irradiance-based approaches which rely
on meteorological data. Climate data is obtained by evaluating the weather conditions of several
years.

It has been proved that using this data together with two indicators that quantify the landscape
it is possible to estimate the annual irradiation at a certain location. The first used indicator is
the Sky View Factor (SVF), which has already been introduced in subsection 2.1.2. This indicator
represents the ratio of sky that is visible from the central point of a PV panel. The SVF is used because
the previously mentioned diffuse isotropic and ground reflected components of the Perez model
depend (almost) linearly on it. The main advantage of using SVF compared to SF, is that SVF is not
dependent on the time and the position of the Sun but only on the geometry of the skyline.

Nonetheless, the direct and diffuse circumsolar irradiance are not linked to this parameter. There-
fore, the need of a new indicator for representing all the irradiation components is required. This
new indicator is the Sun Coverage Factor (SCF), which can be described as the fraction of time the
Sun is behind the panel or blocked by an obstacle in the skyline per year compared with the total
amount of hours the sun shines at the same location with a free horizon. As it can be expected, this
parameter is not irradiance-weighted but can be quickly calculated combining the skyline and the
sun path.

The total POA irradiance is divided in two parts in [19], one related to the SVF and the other related
to the SCF, represented in Equation 2.12.

IY = I SC F
Y + I SV F

Y (2.12)

where

I SC F
Y =

3∑
k=1

ck (1−SC F k ) (2.13)

I SV F
Y = (c4 + c5 ·αg nd )SV F (2.14)

Iy
SCF represents the direct and diffuse circumsolar components of the irradiation due to the fact that

both are directly influenced by the Sun being obstructed, whereas Iy
SVF represents the reflected and

diffuse isotropic irradiation.

Simulations were done by using a set of 161 synthetic and 12 real skyline profiles to find the cor-
relation between the annual irradiation and the SCF and SVF indicators. It was found that there
was a strong linear correlation between with SVF and the sum of the simulated isotropic diffuse and
albedo components Iy

SVF and a cubic correlation between the SCF and the sum of the simulated
direct and circumsolar components.

The fitting coefficients (c1...c5) are dependent on the orientation and tilt angle of a module and
also the region climate. The model is independent from the ground albedo (α), however, it can
be changed in Equation 2.14. Once the 5 fitting coefficients are known and the albedo value is
introduced, the total irradiance on a PV panel can be calculated only by using the SCF and SVF.
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Nevertheless, if the horizon is free, the irradiation received by a horizontal surface can be described
with 4 coefficients like shown in Equation 2.15.

IY (max) =
4∑

k=1
ck (2.15)

Once the annual irradiation is known for a specific PV system, the operative efficiency of the panel
needs to be calculated in order to convert the irradiation into DC yield. The operative efficiency
is mainly dependent on the module temperature and irradiance level. The author in [19] claims
that "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%", which implies that the irradiation
model can be extended to estimate the energy generation of a PV module. Equations 2.16, 2.17 and
2.18 describe the calculations.

EY = E SC F
Y +E SV F

Y (2.16)

where

EY =
3∑

k=1
dk (1−SC F k ) (2.17)

EY = (d4 +d5 ·αg nd )SV F (2.18)

Finally, a flowchart has been made to summarise the Simplified skyline-based method approach,
which can be seen in Figure 2.10.
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Figure 2.10: Irradiation & yield coefficients generation flowchart





3
Roof segment extraction

The goal of this chapter is to explain the approach followed in this thesis to extract the roof segments
from a point cloud and the relevance of it in the project. In section 3.1 the algorithm is introduced.
Section 3.2 describes the needed input data and its characteristics. The approach itself is analysed
in section 3.3. Finally, section 3.4 describes what and how output data is extracted and section 3.5
summarises the chapter.

3.1. Introduction to the roof segment extraction algorithm

The main goal of this thesis project is to develop a quick rooftop PV potential calculation tool. In or-
der to achieve this, the Simplified skyline-based method developed by A. Calcabrini [19] is followed,
which is explained in Chapter 2 and further analysed in chapter 4. This method requires certain
inputs that are not openly available in any database, such as tilt, orientation or coordinates of the
roof segments. Therefore, a "Roof Segment Detection Algorithm" turned out to be crucial for the
success of the project.

As explained previously in section 2.1, there are companies that have already developed such an
algorithm. However, they are not open source. Thus, in an effort to make this project independent
from external stakeholders, the algorithm has been developed in-house using MATLAB and freely
available data sources, introduced in section 3.2.

The roof segment detection algorithm extracts the different planes that coexist on the same roof,
from a height point cloud. It saves each roof segment and extracts its tilt, orientation or azimuth
and area.

3.2. Input data

In order to extract the roof segments of a built environment, two openly available data sources have
been used: Actueel Hoogtebestand Nederland (AHN) and Basisregistraties Adressen en Gebouwen
(BAG).

3.2.1. Actueel Hoogtebestand Nederland (AHN)

The elevation model of the entire Netherlands, or Actueel Hoogtebestand Nederland (AHN), is pro-
vided in an online open source website (pdok.nl). This dataset is generated with a measurement

21
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system called LiDAR (Light Detecting and Ranging), introduced in section 2.3.

LiDAR is an optical remote-sensing technique which implements laser light beam to sample the
surface of Earth, collecting x,y,z measurements. As shown in Figure 3.1, the measurement is per-
formed by a moving vehicle (usually an aircraft or a helicopter) where a scanner system, a GPS and
an inertial navigation system (INS) are incorporated. The latter is used to measure roll, pitch, and
heading of the LiDAR system.

Figure 3.1: Airborne LiDAR System Components [28].

Laser pulses are emitted from the scanner system, they reach the Earth surface and are reflected
back to the flying object where they are collected. The time of return of the emitted beams is then
converted into a height model of the scanned area. For a more detailed information about how
LiDAR data works, refer to [29].

The current data set is AHN3, the third version (collected from 2014 to 2019). For disseminating the
AHN efficiently, the area of the Netherlands is split into 1377 tiles. In this project only the 2 tiles that
contain the Municipality of Delft have been used. Furthermore, pdok.nl offers different download
formats for the height point cloud, such as GeoTIFF grid and LAZ point cloud, and within GeoTIFF:
DSM or DTM and 5 or 0.5 meter grid.

The LAZ file is a compressed version of LAS, which is a point cloud that applies a classification to
the individual points. Each point is assigned to one of the following classes: ground level, buildings,
water, artwork or other. While GeoTIFF is a grid of height points that can be either DSM or DTM.
DSM stands for Digital Surface Model and represents the natural and built features on Earth’s sur-
face. On the other hand, as Figure 3.2 shows, DTM or Digital Terrain Model only includes bare Earth
elevation data.

In an attempt to keep a consistent density of analysed points throughout the studied areas, GeoTIFF
was the chosen format. As the height points come in a grid, one point every 0.5 or 5 m (pixels of 0.5
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Figure 3.2: Digital Surface Model vs Digital Terrain Model [30].

x 0.5 m2 were chosen to have a higher accuracy) rather than in uneven densities like in a LAS file.
Moreover, GeoTIFF files are almost 30 times lighter than LAS files (0.5 MB vs 13.9 MB for a tile)[31].
Finally, DSM was the used format since the built environment is crucial for the project and the Earth
elevation in the studied area can be considered as flat and 0 m over the sea level. However, if such
a study would be done in an area with an uneven landscape, a normalisation of the point cloud
should be carried out, this is further elaborated in chapter 7.

The height map of the Netherlands is represented in Figure 3.3, areas under the sea level can be
noticed in the middle-west part of the country. Such a map is made possible due to a collaboration
between the central government and the provinces.

Figure 3.3: Actueel Hoogtebestand Nederland - Height map of the Netherlands [32].

Limitations
Although LiDAR data is known for its high 3D positional accuracy and high point density for map-
ping it has some limitations. First of all, part of the data is likely to be outdated. While the mea-
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surements are conducted every certain years, the built environment and rural areas are constantly
changing. Therefore, it is common that for instance, some of the newest buildings or parks are not
part of the data set. Additionally, a scan of the entire national area takes more than one year. Thus,
data of different regions are also dated differently.

Secondly, in the case of boundary detection, LiDAR may have a limitation in providing sharp and
straight roof edges, as LiDAR points, generally do not hit the exact building edges. This usually leads
to a detection of a roof area smaller than the actual one.

Finally, LiDAR data presents some intrinsic errors. Highly reflective surfaces such as waterways or
windows are often represented by remarkably high height values, which distort the image and need
to be filtered out. Moreover, since measurements are only taken from above LiDAR data is unable
to properly detect the shape of objects like trees, bridges or electricity lines. The laser pulses detect
the top part but are not able to penetrate and detect the bottom part. Therefore, such objects are
usually represented as walls. This can affect the irradiation estimation for rooftops placed close
to them, the shading during the year becomes higher and the solar potential is underestimated.
Figure 3.4 shows an example of a row of trees being represented as a wall, the picture at the bottom
(c) shows the zoomed in view of the row of trees, it can be seen that there are gaps in between the
trees that LiDAR is not able to represent.

(a) LiDAR plot.
(b) Satellite photo.

(c) Street view from the X shown in (b).

Figure 3.4: (a) highlights in red the tree row represented as a "wall". The X in (b) represents the
street view location shown in (c).

3.2.2. Basisregistraties Adressen en Gebouwen (BAG)

This project makes use of the geopackage (.gpkg) prepared by the 3D Geoinformation group of the
Technical University of Delft [33], which combines both BAG and AHN (introduced in 3.2.1) to pro-
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vide all the information needed about the built environment. The file contains every registered
building in the Netherlands, Figure 3.5 shows its overview.

The Basisregistraties Adressen en Gebouwen (BAG) is the most detailed, openly available data set
on buildings and addresses in the Netherlands. It contains information about each address in a
building, such as its current use, construction date or registration status. The polygons in the BAG
represent the footprint of the building as the projection of the roof’s outline. The data set is regularly
updated as new buildings are registered, built or demolished. The project NLExtract prepares a
monthly PostgreSQL backup of the BAG, which is then used as basis for the 3D BAG [34].

Figure 3.5: Map containing every registered building in the Netherlands.

Limitations
As mentioned previously, the BAG data is high quality and up-to-date. However, there are some ex-
amples in which it can be seen that the contours of the buildings do not match the building edges
but describe the cadastral parcel, where for instance, an elevated playground is also included as part
of the building. In Figure 3.6 it can be noticed that three different buildings (Figure 3.6b) are rep-
resented as one polygon in the BAG data (Figure 3.6a), this happens because they have an elevated
playground connecting all three blocks. Luckily, these errors are not seen often and therefore barely
affect the results.

3.3. Methodology

The aim of this section is to explain the steps taken to extract the information of the different roof
segments in each building. In order to accomplish that objective two software programs have been
used: MATLAB and ArcGIS. The following subsections further analyse their use.
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(a) BAG representation. (b) Satellite photo of the area described in (a).

Figure 3.6: Example of BAG data limitation: The building in red in the top picture (BAG) describes
the three buildings shown in the bottom picture.

3.3.1. Combination of data sets

The first step is to combine both data sets, BAG and AHN. The former is imported as a geopackage
(.gpkg) file to ArcGIS, whereas the latter is directly loaded in MATLAB as a GeoTIFF image file.

Secondly, the geopackage containing the information of the built environment of the entire Nether-
lands is converted in ArcGIS into a shapefile (.shp) that only includes the area of interest of this
project, thus, the municipality of Delft. Shapefiles are supported and readable by MATLAB. This
approach is further explained in Appendix A.

Thirdly, the shapefile is imported into MATLAB, where the coordinates of the contour of the build-
ings are extracted, these are then used to cut the LiDAR data. Consequently, any height point outside
the roof of a building, such as trees or electricity posts is filtered out.

3.3.2. Plane detection

The second step, rooftop plane detection, is necessary for the roof segment extraction. The normal
vector of the detected plane will be an input for the MSAC algorithm that extracts all the planes of
the building, further explained in section 3.3.3.

This method focuses on analysing buildings individually. The starting point is having the height
point cloud cut by the contours of the buildings. Thus, the points within the matrix that are lying
on the roof of the selected edifice have a height value whereas the points outside the roof but within
the same bounding box are set to 0 m.

The approach to detect a plane is as follows: to begin with 3 points are chosen, Figure 3.7a shows an
example of a building close to the TU Delft campus in Delft. Then, 2 vectors are calculated from the
3 chosen points, see Figure 3.7b. After doing the cross product of the 2 vectors the normal vector is
obtained, Figure 3.7c, the normal vector to the plane formed by the 3 points.

In order to confirm that those 3 points are lying on a valid plane, the procedure is repeated with
other 3 points located close to the previously chosen ones. If the normal vector of the plane where
the 3 new points are lying forms an angle smaller than 1° with the normal vector of the 3 old points,
a plane can be considered. The angle between the two normal vectors is calculated by doing the
dot product of both vectors. The answer is equal to the arcosine of the angle theta (θ), Figure 3.8
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(a) 3 points lying on the plane (b) 2 vectors out of the 3 points

(c) Normal vector, cross product of the 2 vectors

Figure 3.7: Procedure to detect a plane. The X and Y axis of the plots show the "Amersfoort / RD
New" coordinates of the building in meters, the Z axis describes the height of the points also in

meters.

illustrates it, being "a" and "b" the normal vectors. The considered plane in the showed example is
represented in Figure 3.9.

A 1° angle difference was chosen after empirically checking that with larger angle differences some
faulty or minor planes would be detected. In case the angle difference is larger than the set bound-
ary, new points are chosen and the procedure is repeated until finding the 6 points lying on the same
plane.

3.3.3. Roof plane extraction

The third step is to extract the roof planes. For this, as previously mentioned, a methodology called
MSAC is used. It stands for M-estimator SAmple Consensus, which is a variant of RANSAC (Random
Sample Consensus), an iterative method for estimating a mathematical model from a data set. The
algorithm fits a model into the selected point cloud and calculates the outliers, the data points that
are not contained in the model. In this case, the program fits a plane to the points lying on it and
calculates the points that are located outside that plane, the outliers.

The code uses the normal vector of the detected plane, previously explained in 3.3.2, as a reference
vector for the fit plane. Furthermore, a maximum distance from an inlier point to the plane is de-
fined. Consequently, the algorithm considers the points within that range from the detected plane
to be inliers, those will form the roof segment. The remaining points of the data set, the outliers,
become an input for the calculation of the next planes. In this project a distance of 20 cm between
inlier and plane has been selected, which is a good trade-off in between ensuring the points do lie
on the plane and avoiding selecting too little points out of the total points that belong to the plane.
Figure 3.10 illustrates the first extracted plane of the building shown in 3.3.2.
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Figure 3.8: Theta (θ), the angle between the two normal vectors

Figure 3.9: Plane considered if theta is smaller than 1°.
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Figure 3.10: Plane 1 is composed by the points lying on the fit plane.

For extracting the following roof segments there is no need to define a reference vector for the fit
plane, the algorithm itself detects the points that are lying on a same plane. Once there are no more
planes to extract from the building the program stops. Figure 3.11 represents the 2nd extracted plane
of the house presented in the previous subsection.

Figure 3.11: Plane 2, extracted from the outliers of the 1st plane.
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3.4. Output data

Once the roof segments have been extracted, a few calculations are carried out in order to obtain
the following parameters from each plane: Tilt, orientation and area. These parameters are relevant
for the calculation of the irradiation and yield, which is further explained in Chapter 4.

In order to calculate the tilt and orientation of a roof segment, the normal vector to the plane is
used.

Figure 3.12: The decomposed normal vector of a plane [35].

The tilt of a plane is the inverse cosine of the absolute value of the z component of the normal
vector. The absolute value is taken to ensure the angle is in between 0 and 90°. In Figure 3.12 the
z component of the normal vector shown as c. Equation 3.1 describes how the formula would look
like for that plane.

T i l t = arccos(|c|) (3.1)

Secondly, the orientation or azimuth of a roof segment is determined by taking the projection of the
normal vector onto the horizontal plane. This is calculated with the Four-quadrant inverse tangent
of the y component of the normal vector of the plane divided by the x one, as shown in Equation 3.2.
The range of the result is in between -180° and 180°, which is then converted into a 0° to 360° by
adding 360° to the negative azimuth values.

Or i ent ati on = arctan2

(
b

a

)
(3.2)

Finally, the area is estimated based on the amount of points the plane contains. Each height point
is taken every 0.5 m in the x and y axis and therefore each point represents a surface of 0.25 m2

on the horizontal surface in the case of a flat building. Nevertheless, if the roof is tilted the surface
covered by a point is inversely proportional to the cosine of the angle of the roof as described in
Equation 3.3.

Ar ea = npoi nt s ·0.25

cos(T i l t )
(3.3)
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3.5. Summary

The goal of this chapter was describing the methodology to extract roof segments from a height
point cloud and prove its accuracy. Firstly, the reasoning behind needing such an algorithm has
been introduced. In section 3.2 the input data needed has been explained. Both Actueel Hoogtebe-
stand Nederland (AHN) and Basisregistraties Adressen en Gebouwen (BAG) are open source data
sets. Although the data sets are accurate they have certain limitations. Section 3.3 addresses the
methodology, Figure 3.13 summarises it. The BAG data contains the building contour coordinates,
which are used to cut the LiDAR data. Thus, the buildings can be analysed individually. The plane
detection is the first step to then extract the roof segments using the MSAC algorithm. The next sec-
tion, 3.4, explains what parameters are extracted and how they are calculated. Finally, in section 5.1
the validation of this algorithm is carried out, where the accuracy of the code is evaluated.

Figure 3.13: Roof segment extraction methodology flowchart.
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POA irradiation and yield model

improvement

Chapter 4 introduces the improvements applied to the Simplified skyline-based method and ex-
plains the steps taken in order to calculate the yield and irradiation of the rooftops in Delft. Section
4.1 focuses on the improvements made for flat and tilted surfaces. Section 4.2 describes the fol-
lowed procedure to calculate the potential irradiation and yield. Finally, 4.3 summarises the chap-
ter.

4.1. Improvements to the Simplified skyline-based method

This section addresses the improvements made to the Simplified skyline-based method presented
in [19] and summarised in subsection 2.4.2. In that paper, the author states the following: “the
SCF is not an irradiance-weighted parameter - 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”.
The Simplified skyline-based method relies on the SVF and SCF to estimate the irradiation, hence,
making a stronger correlation between SCF and the irradiance would improve the method.

In an effort to do so, [20] came up with two correction factors, the air mass and angle of incidence
correction factors. Thus, the irradiation and yield estimations become more accurate. However, the
AoI factor worked only for the case of a 0° tilted module. Now, thanks to the work carried out in
this thesis project this correction factor can be applied to any surface, no matter its tilt or orienta-
tion.

In order to represent the Sun path during the year and the effects of the correction factors a so-called
analemma is used. It shows the position of the Sun (altitude and azimuth) at a same hour every day
of the year. Figure 4.1 illustrates it, the colours represent the amount of hours the Sun is at each
position. Such an analemma shows no difference in between, for instance, having the Sun at an
azimuth of 180° and altitude of 50° or having it at an azimuth of 80° and 10°. However, the irradiance
received by the PV panel will be way higher in the first case. The Simplified skyline-based method
used to take this analemma as a reference.

4.1.1. Air mass correction factor

As introduced previously, the first proposed correction factor to improve the correlation of SCF with
the irradiance is based on the optical air mass (AM), measured in [kg/m2]. The air mass is defined

33
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Figure 4.1: Sun path during the year, the colours describe the amount of hours the Sun has been in
each position, adapted from [20]

as the ratio of an actual path length that the Sun has to travel through the Earth atmosphere to the
minimal possible distance, which is the case of the Sunlight passing the atmosphere when the Sun is
at its zenith [21]. The optical air mass is equal to one when the Sun is at its zenith, then the spectrum
is named air mass 1 spectrum (AM1).

In order to calculate the air mass precisely for different Sun zenith angles the following formula
(Equation 4.1) proposed by Gueymard in [36] is used.

AM(θz ) =
[

cos(θz )+ 0.48353 ·θ0.095846
z

(96.7412−θz )1.754

]−1

(4.1)

The higher the AM the longer the path the photons take to reach the Earth’s surface and the longer
the light needs to travel the more photons will be scattered or absorbed before hitting the PV panel.
Therefore, when the Sun is at a low altitude is when the most photons energy will be lost before
reaching the module.

4.2 describes the relation between the Sun altitude, the direct irradiation component and the eleva-
tion of the studied location, adapted from [37].

Id (AM(t ),h) = I0 · (1−1.14 ·h) ·e−0.357·AM(t )0.678
(4.2)

Where I0, the solar constant, equals 1361 [W/m2] and h is the height of the location in [km].

The correction factor applied in the model is described in 4.3, it calculates the ratio of the actual
direct beam at a specific AM and h compared to the direct beam at AM1 (the shortest path from the
Sun to the surface of the Earth).

f AM = Id (AM(t ))

Id (AM1)
(4.3)

As shown in Figure 4.2 the f AM factor has a major influence when the Sun is in an altitude of 0-15°.
Therefore, PV systems located within the built environment will rarely be affected by it since most
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of the times the skyline will be blocked by other buildings or trees at those low altitudes. However,
this correction factor will be useful for systems in a free horizon condition.

Figure 4.2: AM correction factor

4.1.2. AoI correction factor for flat surfaces

As introduced in subsection 2.4.1, the direct irradiance on the POA is directly proportional to the
cosine of the AoI. This is known as the "cosine law". It considers that the direct beams that reach the
PV panels are reduced proportionally to the misalignment angle (AoI) that the normal to the POA of
the modules makes with the altitude of the Sun. Equation 4.4 represents the correction factor f AoI,
which is obtained with the cosine of the AoI:

f AoI = cos(θM ) ·cos(θZ )+ sin(θM ) · sin(θz ) ·cos(AS − AM ) (4.4)

Where θZ is the zenith angle (90°-aS), aS is the altitude of the Sun, AS is the azimuth of the Sun and
AM is the module azimuth.

Figure 4.3 shows the effect of the AoI mismatch for a PV placed flat on the surface. And Figure 4.4
shows the analemma after applying both correction factors (AM & AoI).

Figure 4.3: AoI correction factor, adapted from [20].
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Figure 4.4: Analemma weighted by the AoI and AM correction factors for a flat surface, adapted
from [20].

Regarding the SCF definition, Ferri used this formula in her work [20].

SC F = 1−
∑

(SunM at (l at , long ) ·Sk yl i neM at · f AoI (0°) · f AM )∑
SunM at (l at , long )

(4.5)

Where SunMat(lat,long), SkylineMat, fAoI(0°) and fAM are 90 x 360 matrices. SunMat(lat,long) is plotted
in Figure 4.1 and describes how many hours the Sun spends in each degree of altitude and azimuth
throughout the year, it is dependant on the location. Secondly, SkylineMat describes the skyline, it is
equal to 0 when there is built environment or any kind of obstacle at that altitude and azimuth and
1 when it is free horizon. Therefore, the multiplication with SunMat equals 0 when the Sun is behind
the skyline. Finally, f AoI(0°) and f AM weight the total amount of hours in free horizon.

4.1.3. AoI correction factor for all tilts and orientations

In this thesis project the algorithm has been adapted to allow the AoI correction factor to work for
any surface. Furthermore, the Sun Coverage Factor has been redefined to make a stronger correla-
tion with the irradiance at any tilt or orientation.

After taking into account the AM and AoI correction factors, the maximum amount of Sun hours
received at a surface will no longer be the total amount of Sun hours, as considered by Ferri in
Equation 4.5. Now the maximum amount of hours will be weighted by the two correction factors,
which is shown in the denominator of Equation 4.6. Also, now the numerator will consider the tilt
and orientation of the panel with f AoI thanks to the changes made in the algorithm script.

SC F = 1−
∑

(SunM at (l at , long ) ·Sk yl i neM at · f AoI (θM ) · f AM )∑
(SunM at (l at , long ) · f AoI (0°) · f AM )

(4.6)

Two examples have been plotted to visualise how the tilt and orientation affect the analemma. The
first one is a PV panel facing the East (90° azimuth) and tilted 30°. As it can be seen in Figure 4.5a the
correction factor is equal to 1 when the sun is aligned with the orientation and at an altitude of 60°
(as described in Equation 4.4). However, when the sun is behind the module (azimuth in between
180 and 360°) the factor equals 0. This is reflected in the analemma illustrated in Figure 4.5b, where
the AM correction factor is also applied but has a negligible influence.
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(a) AoI correction factor for a surface facing East and tilted 30°.

(b) Analemma seen from a surface facing East and tilted 30°.

Figure 4.5: The influences of the optical air mass and the Angle of incidence mismatch for a
surface facing East and tilted 30°.

The second example could represent a facade of a building, since the surface considered is facing
South and is tilted 90°. Again here, Figure 4.6a shows that the correction factor for Sun position in
between 270° and 90° is equal to 0 since the sunlight will not be visible for the surface. Figure 4.6b
represents the analemma weighted with both correction factors.

4.2. Calculation of irradiation and yield

This section dives into the steps followed in order to calculate the irradiation and yield of the rooftops
in the municipality of Delft. Once the improvements to the skyline-based method have been ap-
plied, the coefficients are generated. Then, the LiDAR data and the roof segment information are
imported. However, to ensure the model is as computationally efficient as possible certain consid-
erations must be made, such as what radius should be considered to calculate the skyline profile or
how many points of a plane should be calculated and how many could be interpolated. These are
introduced in the upcoming subsections, where sensitivity analysis’ reveal the reasoning behind the
chosen values, which do not compromise accuracy of the calculation.
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(a) AoI correction factor for a surface facing South and tilted 90°.

(b) Analemma seen from a surface facing South and tilted 90°.

Figure 4.6: The influences of the optical air mass and the Angle of incidence mismatch for a
surface facing South and tilted 90°.

4.2.1. Generation of coefficients

The generation of the coefficients is the first step. As introduced in subsection 2.4.2, five coefficients
are generated that account for the different components of irradiance. These coefficients are calcu-
lated only once and are location dependant. Climate data is used as an input, which is the average of
weather data of the past 20 years. Among others, it includes the direct, diffuse and global irradiance
and the temperature of both the surface and ambient every hour.

In order to estimate the yield coefficients a PV panel must be chosen. In this project the SunPOWER
MAXEON 3 400 W module was selected to estimate the PV potential of Delft, due to the fact that it
is one of the most efficient in the market. The main characteristics of this PV module are shown in
Table 4.1, the datasheet can be found in Appendix C.

However, in order to carry out the yield estimation validation, showed in subsection 5.2.2, the JA
Solar JAM6-60-270/BK was used. Since this was the PV module the systems were using. The main
characteristics are displayed in Table 4.2 and the datasheet can be found in Appendix C.
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Table 4.1: Main characteristics: SunPOWER MAXEON 3 | 400 W

Nominal Power (Pnom) 400 W
Panel Efficiency 22.6%
Panel Width 1046 mm
Panel Height 1690 mm
Power Temp. Coef. -0.29%/°C

Table 4.2: Main characteristics: JA Solar JAM6-60-270/BK

Nominal Power (Pnom) 270 W
Panel Efficiency 16.51%
Panel Width 991 mm
Panel Height 1650 mm
Power Temp. Coef. -0.41%/°C

4.2.2. Radius for skyline profile calculation

The tool developed in this thesis project is a quick scan irradiation and yield potential calculator,
which will be used to map the solar potential in large areas. Therefore, one of the main requirements
is that it must be computationally fast and if possible, use as little memory as possible. Nevertheless,
the accuracy of the estimations must also be as high as possible. In that scenario, a suitable radius to
calculate the skyline profile of the studied points has to be chosen. One that does not compromise
accuracy for speed or the other way around. For calculating such a value, a sensitivity analysis has
been done. Over 100 points laying in different rooftops have been studied, resulting in an average
case, shown in Figure 4.7.

Figure 4.7: Radius sensitivity analysis of an average case over 100 studied points

In order to choose the appropriate radius the Sky View Factor has been studied, it has been cal-
culated at different radius values. From Figure 4.7 it can be observed that the SVF decreases for
increasing radius. The bigger the radius, the more of the actual horizon will become visible for the
observer. However, once the SVF stabilises it can be concluded that a bigger radius would not add
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accuracy and would make the algorithm slower. In the average case, a radius of 200 m shows to be
enough to estimate the SVF accurately and is over 5 times computationally quicker than estimat-
ing the SVF based on a 1000 m radius. Thus, in this project a radius of 200 m has been selected to
estimate the skyline as fast and precisely as possible.

4.2.3. Interpolation of calculated points

In this project, the used height point cloud has a high density of points, more specifically, it contains
one point every 0.5 m in the x and y axes. Thus, at first sight calculating the skyline profile of every
single point on a roof seems to add up unnecessary computational burden while not contribut-
ing highly to accuracy, since most of the times the skyline will not change much in a few meters.
However, as in the previous subsection a sensitivity analysis has been carried out to estimate what
percentage of points can be calculated and what percentage can be interpolated without impacting
too much the accuracy of the calculation.

Two types of roofs have been analysed, big building roofs (over 300 m2 of flat area) and average
household roofs (20-30 m2 of tilted area). Again, as in the radius sensitivity analysis average cases
have been chosen to show the relative error obtained by calculating different percentage of points.
The minimum percentage of points calculated has been 10% since under this value the interpolation
of many roof segments was not possible due to lack of points for triangulation.

Figure 4.8 shows an average big flat building in Delft (52.004094, 4.368994). As it can be seen, the rel-
ative error increases when the percentage of calculated points decreases. The computational time,
however, decreases with a lower percentage on calculated points. A 5% relative error of yield was
considered admissible in an effort to optimise the calculation time as much as possible. Therefore,
10% of the points evenly distributed on each roof segment would be calculated and the rest would
be interpolated for big buildings.

Figure 4.8: Big building sensitivity analysis

Figure 4.9 represents an average household in Delft (51.988557, 4.349148), which shows a similar
trend to Figure 4.8 regarding relative error and computational time. In this case, again, the mini-
mum possible percentage of calculated points was proved to be enough to estimate the potential of
the whole roof accurately, under 1% error. Thus, for smaller roof segments also 10% of the points
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would be calculated and the rest would be interpolated.

Figure 4.9: Average household sensitivity analysis

Comparing both study cases it can be seen that the smaller roof segments experience a lower relative
error with a smaller percentage of calculated points, this could be concluded as being due to the
fact that the skyline profile can change more drastically in big building than in small ones. Also
remarkable is the fact that the difference in computational time is not as large as expected, this
happens because the algorithm works faster per point the more points it studies.

4.3. Summary

This chapter has explained the improvements made to the Simplified skyline-based method. It has
further analysed the changes proposed by [20] and described the latest to estimate irradiance for
surfaces with any tilt or orientation. In section 4.2, the steps followed before being able to calculate
the irradiation and yield have been introduced, reasoning the value chosen for radius of skyline
profile and the percentage of points per plane. The full methodology is illustrated in Figure 4.10.
Having the accuracy improved, the values of irradiation and yield for the municipality of Delft and
the validation of the calculation tool are shown in Chapter 5.
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Figure 4.10: Irradiation and yield calculation methodology flowchart.



5
Results and discussion

In this chapter the results obtained in this thesis are discussed. Firstly, the validation of tilt, ori-
entation and area for the Roof extraction model are shown. Secondly, a comparison between the
accuracy and deviation of the improved Simplified skyline-based method and the old version is
done. The yield calculation is also validated with generation values of real PV systems. Finally, the
irradiation and PV yield results for the municipality of Delft are illustrated with maps and compared
with the total electricity demand.

5.1. Validation of roof segment extraction model

This section aims to show the validation of the roof segment extraction tool. More specifically, a
validation of the tilt and orientation calculation accuracy. For doing so, real data of a set of 100
PV systems in the municipality of Delft has been obtained from a trusted source. This data set
contains the location of the buildings and the tilt and orientation of rooftop PV systems, which are
fully aligned with the roof surfaces. Furthermore, the accuracy of the roof area calculation has also
been done comparing the obtained values with the roof segment extraction model and the surface
values provided by BAG data. This study has been done for the 22321 studied buildings in Delft.
Subsection 5.1.4 introduces the computational time of this tool.

5.1.1. Accuracy of tilt estimation

In order to make an accurate yield prediction for tilted roofs an accurate tilt calculation must be
done. Thus, being able to estimate the slope of the roof surfaces becomes crucial for the success of
the PV potential calculation tool.

As introduced previously, the data set used to validate the calculation contains 100 different roof
segments that have a PV system. No roof segment in the data set has a tilt smaller than 20° since
these were discarded due to the fact that most of them were systems placed on flat roofs and, there-
fore, were not aligned with the roof surface, making them useless for this study. Moreover, the data
set does not include roof surfaces with a tilt over 60° because they have no PV systems tilted in the
60-90° range.

Figure 5.1 represents the results of the validation, the plotted points are the calculated tilts while the
line describes the real tilt values.

The results show an average absolute error of -0.02° and a maximum deviation of 3.7°. The biggest

43



44 5. Results and discussion

deviations were found in the city center of Delft, where buildings are oldest and have more irregular
roof surfaces and more dormers and windows, which make the calculation more difficult.

Figure 5.1: Tilt validation: the plotted line describes 100% accuracy and the points show the
calculated values.

5.1.2. Accuracy of orientation estimation

The roof surface orientation calculation accuracy study was done in the same way as the tilt valida-
tion. Also, similar to the tilt validation, a certain range of values are not studied in the orientation
validation. Orientations in between 350° and 50° are not included, since there were no PV systems
placed in such azimuth angle. It is worth mentioning that this range of orientations represent the
least favourable for solar energy applications in the Northern hemisphere.

Figure 5.2 shows the results. Again here, the plotted points are the calculated values, which aim to
be as close as possible to the plotted line, which represent the real values.

The average absolute error is equal to 0.66° and the maximum deviation found among the 100 roof
segments is of 4.53°.

5.1.3. Accuracy of area estimation

The area calculation accuracy study was done differently to the previous studies. The validation
was done with the 2D surface values provided by BAG for each building polygon and the calcu-
lated area by the roof segment extraction model, the methodology of calculation is explained in
section 3.4.

In this study, the percentage of the total roof area that has been estimated by the in-house developed
model is analysed.

For flat buildings the comparison was straight-forward because the calculated area by the tool is
already in 2D. Nevertheless, for tilted roofs the calculated area had to be transformed into a 2D
value. Therefore, the area of the tilted surfaces was multiplied by the cosine of the tilt angle. It is
worth mentioning that, this tilt angle is calculated by the roof segment extraction model introduced
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Figure 5.2: Orientation Validation: The plotted line describes 100% accuracy and the points show
the calculated values.

in Chapter 3 and not the real value (not available). However, the estimation is considered accurate
enough as demonstrated in subsection 5.1.1.

The results show that the average percentage of area extraction out of the 22321 buildings in Delft
is 80.42%. In most of the cases the lost area has been due to the lack of roof edge detection, which
is a limitation of LiDAR itself as introduced in subsection 3.2.1. However, as explained in [38], "for
reasons concerning aesthetics, ballast, safety and ease of installation there is a minimum distance
PV modules should be away from the edge of a roof. For pitched roofs this is about 30 centime-
tres, mostly determined by the regulations for the installation of mounting systems. For flat roofs,
common distances from the edge are 50 to 100 centimetres. Mounting systems generally require a
minimum of about 60 centimetres from the roof edge of flat roofs for product warranty.". Therefore,
losing points on the edges of the building is luckily not that impactful in the rooftop PV potential
estimation.

Figure 5.3a and Figure 5.3b show two examples of an average flat and tilted building, represented in
2D. As mentioned previously, most of the lost area is close to the edges.

5.1.4. Computational time

The roof segment extraction model takes on average 5 seconds per building. For the whole Delft
this means a computational time of 31 hours. The calculations were made with a computer with the
following specifications: 128 GB RAM and 2 x 6-core Intel® Xeon® (3.47 GHz) CPU.

5.2. Validation of the improved Simplified skyline-based method

The second objective of this thesis was to further develop the Simplified skyline-based method for
calculating irradiation and yield more accurately. For doing so, the correlation between the SCF and
the irradiance has been improved by enabling the AoI correction factor to work for any surface. This
can be seen in subsection 5.2.1 by comparing the coefficient accuracy and deviation of the improved
method with the old one. In subsection 5.2.1, a yield calculation validation with 25 real PV systems
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(a) An average flat building, 19.5% of the area is lost
close to the edges.

(b) An average tilted building, 19.5% of the area is lost
close to the edges.

Figure 5.3: 2D representation of average flat and tilted buildings, both with a calculated area of
80.5% of the total surface, the colour bar represents the height of the points.

is shown. Finally, subsection 5.1.4 introduces the computational time of the tool.

5.2.1. Coefficient accuracy and deviation improvement

The improved Simplified skyline-based method applies the optical airmass and the AoI correction
factors to the Sun matrix. Thus, the direct irradiance received by the POA is weighted and becomes
more accurate and so does the SCF. Consequently, the calculation of irradiation and yield, depen-
dant on SCF, also becomes more accurate.

In this section the cross validation results of the Perez irradiance model and the Simplified skyline-
based method are shown for both the old and improved versions. This is shown for the tilts of 0°,
30°, 45°, 60°and 90° and compared in Figure 5.4.

An improvement in both accuracy and deviation is accomplished in every single tilt, however, smaller
tilts show a greater improvement, specially for the deviation. This is due to the fact that the SCF is
directly influenced by the DNI. The larger the tilt angle, the least direct irradiation and the more
diffuse share it will receive, since the Sun will spend more time behind the POA of the module. This
means that the fitting for SCF will become worse at higher tilt angles (greater deviation from Perez
model), this is seen in the deviation of both old and improved versions after 60°. Despite the in-
fluence of the AoI is smaller at high tilts, the improved Simplified skyline based method still yields
better deviation results than the old method, since there are still a few direct irradiance hours to
weight and correct.

The detailed comparisons of accuracy and deviation of the most representative cases, 0°, 45° and
90° are also shown individually in Figure 5.5, Figure 5.6 and Figure 5.7.

5.2.2. Yield calculation accuracy study

After receiving the yield data of a set of 25 PV systems from a trusted source, a yield calculation
accuracy study has been carried out to validate the improved Simplified skyline-based method. All
the PV systems are located in Eindhoven, the Netherlands, and use JA Solar JAM6-60-270/BK PV
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Figure 5.4: Summary of the comparison of the accuracy and deviation from the Perez model
simulation for 0°, 30°, 45°, 60° and 90°, with both the old and improved Simplified skyline-based

method.

modules, as introduced in subsection 4.2.1.

The thermal model used in the Simplified skyline-based method is the one proposed in [39]. More-
over, the DC-AC conversion efficiency for PV systems has been assumed to be 93% taking into ac-
count the European efficiency of SE3000-SE3500-SE4000 solar inverter (97.5%) from [40] and the
following system losses: maximum power point tracking (MPPT) losses (accounting for 1% abso-
lute efficiency loss at system level), module mismatch losses (1% absolute), Ohmic losses (1.5%
absolute) and soiling losses (1% absolute).

Regarding the results, the average relative error of calculation is underestimating the real yield value
by 6.64% and the biggest registered deviation has been -14.18%. Figure 5.8 illustrates the compar-
ison between the calculated yield and the measured one. The plotted line represents 100% accu-
racy.

The calculation tendency is clearly to underestimate the real annual yield, the yield estimation of
17 out of the 25 has been lower than the actual one. One possible reasoning is the fact that the
input data for generating the coefficients which are later used for calculating the yield are based
on climate data, which is the average of the weather data of the last 20 years. The validation has
been done with the yield value of PV systems of a certain year, this year could have received a higher
annual irradiation than the average.

5.2.3. Computational time

The irradiation and yield calculation tool takes on average 2.7 seconds per building. This adds up to
16.74 hours of computational time for the 22321 studied buildings in Delft. Together with extracting
the roof segments, the tool takes 7.7 seconds per building and, therefore, 47.74 hours to calculate
the potential of all the roof surfaces in Delft. This calculations were also done with a computer with
the following specifications: 128 GB RAM and 2 x 6-core Intel® Xeon® (3.47 GHz) CPU.
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(a) Accuracy and deviation of the old method vs Perez irradiance method.

(b) Accuracy and deviation of the improved method vs Perez irradiance method.

Figure 5.5: Cross validation results of the old and improved versions of the Simplified
skyline-based methods for a tilt of 0°.

5.3. Rooftop PV potential in the municipality of Delft

This section analyses the potential of rooftop PV in the municipality of Delft. It shows how the
data extracted from the roof segment extraction model combined with the improved Simplified
skyline-based method can be used to map the irradiation and PV yield potential of urban areas.
subsection 5.3.1 and subsection 5.3.2 focus on the detailed visualisation of the potential (per roof
segment), while subsection 5.3.3 illustrates the potential annual yield per building. Finally, subsec-
tion 5.3.4 compares the total rooftop PV potential with the current total electricity consumption in
Delft. All the PV yield calculations have been carried out using SunPOWER MAXEON 3 | 400 W PV
module, which is introduced in subsection 4.2.1.

5.3.1. Visualisation of the irradiation in Delft

The tool developed in this thesis is able to produce detailed maps, showing for instance, the poten-
tial irradiation received at every surface of each roof of the city. This has been done by using the 3D
analyst toolbox of ArcGIS, where Natural Neighbor interpolation has been used to make a smooth
map out of the imported points (learn more about the procedure in Appendix A).

Figure 5.9 shows the irradiation potential of Molenbuurt in Delft, the maximum estimated irradia-
tion is equal to 1236.2 kWh/m2/y for an optimally tilted and oriented roof while the lowest is equal
to 6 kWh/m2/y, a point almost completely shadowed.
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(a) Accuracy and deviation of the old method vs Perez irradiance method.

(b) Accuracy and deviation of the improved method vs Perez irradiance method.

Figure 5.6: Cross validation results of the old and improved versions of the Simplified
skyline-based methods for a tilt of 45°.

5.3.2. Visualisation of the PV yield in Delft

The detailed visualisation of the PV yield looks identical to the one of irradiation, since the yield
is fully dependant on the irradiation and the map is obtained following the same procedure in Ar-
cGIS.

The values are also in the same range. However, this is by chance. The yield units are kWh/kW/y,
while the irradiation ones are kWh/m2/y. As introduced in subsection 4.2.1 the panel used for the
yield calculation is a 400 W SunPOWER MAXEON 3 (see Appendix C).

Figure 5.10 illustrates the potential yield generation of the different roof surfaces in the neighbour-
hood located in between Rotterdamseweg and Proosdijpad, just above the TU Delft campus. The
maximum obtained yield is equal to 1206.38 kWh/kW/y while the lowest is just 24 kWh/kW/y.

5.3.3. Visualisation of the yield per building in Delft

This visualisation shows the potential annual yield in a simpler way. It colours each building in one
colour, depending on the amount of energy they can generate. The represented value is the sum of
the potential energy generation of every roof surface in the building. It is assumed that PV panels
can fully cover the roof area. Figure 5.11 shows the total potential PV generation of the buildings
located in the city centre in Delft.

The steps followed to draw this map are also explained in Appendix A. Furthermore, a zoomed out
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(a) Accuracy and deviation of the old method vs Perez irradiance method.

(b) Accuracy and deviation of the improved method vs Perez irradiance method.

Figure 5.7: Cross validation results of the old and improved versions of the Simplified
skyline-based methods for a tilt of 90°.

version of this map, which shows a bigger part of Delft is included in Appendix B.

Figure 5.8: PV yield estimation validation, the plotted line represents 100% accuracy of estimation.
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Figure 5.9: Irradiation potential of Molenbuurt, located west in the municipality of Delft.
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Figure 5.10: Detailed yield potential in the neighbourhood located in between Rotterdamseweg
and Proosdijpad, north from the TU Delft Campus.
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Figure 5.11: Potential yield generation per building, Delft city centre.
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5.3.4. Comparison of the potential PV generation and total electricity consumption

As introduced in Chapter 1 the Netherlands has an electricity mix mostly dependant on fossil fuels,
with only about 13% of the electricity coming from renewable energy sources. However, this is far
from the targets set for 2030, which account that 70% of the electricity consumption will come from
renewables. According to Planbureau voor de Leefomgeving (PBL) in [41],the consumed electricity
carbon intensity in 2017 in the Netherlands was 0.59 kg CO2/kWh which would be reduced to 0 kg
CO2/kWh if solar energy would generate the consumed electricity.

One of the goals of this thesis is to analyse the potential of PV generation in the built environment of
Delft. However, in order to understand the magnitude of the energy amount presented it is helpful
to compare it with the actual electricity consumption, therefore, giving more context.

Figure 5.12a and Figure 5.12b represent the electricity consumption by the households and by the
industry & institutions in the 8 years. In 2018, the annual electricity consumption accounted to
households reduced to 115 GWh, while the industry and institutions increased their consumption
to 421.34 GWh. Both together accounted for 536.34 GWh of electricity consumed last year.

(a) Households. (b) Industry and institutions.

Figure 5.12: Annual electricity consumption of households and industry and institutions in Delft
[42].

Regarding the potential PV generation, two scenarios have been studied: full coverage of roofs for PV
applications and coverage of only suitable roofs, which are the ones with a yield prediction of over
650 kWh/kW/y, which will pay back the investment in 10 years according to the calculations made
in [38]. It is important to highlight that the full coverage scenario would cover up to around 80.5%
of the total area of the roofs since that is on average the percentage of the total area extracted from
buildings with the roof segment extraction model, as explained in subsection 5.1.3. As introduced
previously it is assumed that PV modules could cover the complete extracted roof area.

The full coverage scenario estimates a PV potential generation of 437.38 GWh, which would need
a surface of 2.6 km2. This would account for a 81.55% of the total electricity consumption in 2018,
reducing up to 258 kt of CO2 in a year.

On the other hand, the suitable roof scenario estimates a PV potential generation of 384.81 GWh,
which would need a surface of 2.08 km2. This would account for a 71.74% of the total electricity
consumption in 2018, reducing up to 227 kt of CO2 in a year.
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Both scenarios show optimistic predictions for solar energy in urban environments. However, un-
fortunately electricity only accounts for 29.81% of the total energy consumption in Delft (excluding
roads/highways), which was 1798.61 GWh in 2017 [42]. Thus, the full roof coverage scenario would
cover up to 24.32% of the total demand and the suitable roof scenario up to 21.4%. It is clear that the
energy transition should also focus in energy efficiency and sustainable heating mechanisms.





6
Conclusions

This chapter aims to provide the reader with a summary of the findings of this MSc thesis. Firstly, the
conclusions drawn for each research question are analysed individually in sections 6.1, 6.2 and 6.3.
Finally, the general conclusion and added value of the developed tool are discussed in 6.4.

6.1. Extraction of the PV potential surface information from open source
data

The first challenge in this thesis was to find the way to extract the information of the surfaces where
potentially PV could be installed. Since this would be the input for later estimating the irradiation
impinging on the plane and calculating the potential energy generation.

After doing extensive research it was found that there was no immediately available data set that
included information of the built environment, such as tilt, orientation and area of the roofs. There-
fore, it was decided to calculate them in-house. Reading through literature it was discovered that
combining height point cloud data with cadastral data there were ways to segment the roofs and
extract those parameters.

The algorithm to extract roof segments and their information was successfully developed in MAT-
LAB, which is the commonly used software in the research group and directly compatible with the
skyline generation code introduced in section 2.3. Chapter 3 describes the followed methodology in
detail. In order to ensure that the data extraction from the height point cloud and cadastral data was
done accurately a validation was done in Chapter 5. This validation study calculated the estimation
accuracy of tilt and orientation of 100 roof surfaces in the municipality of Delft.

For the tilt accuracy estimation, an average absolute error of -0.02° and a maximum deviation of
3.7° were obtained. Showing a high tilt calculation accuracy of the developed tool. The biggest
deviations were found in the city center of Delft, where buildings are older and have more irregular
roof surfaces and more dormers and windows.

On the other hand, the roof orientation estimation resulted the following: an average absolute esti-
mation error of 0.66° and a maximum deviation of 4.53° among the 100 studied roof surfaces.

The third studied parameter was the accuracy of the area estimation. This could not be done by
roof segment since there is no open data set that provides such information. Thus, it was done by
comparing the sum of the areas of the extracted surfaces with the 2D building polygon area provided
by BAG data.
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The results showed that on average 80.42% of the total building area is extracted successfully, among
the 22321 studied buildings in Delft. In most of the cases the lost area has been due to the lack of
roof edge detection, which is a limitation that LiDAR itself faces. It is important to highlight that PV
panels are usually not installed close to the edges of the roofs due to security and ballast reasons.
Therefore, losing points on the edges of the building is luckily not that impactful in the rooftop PV
potential estimation.

Finally, the roof segment extraction model takes on average 5 seconds per building. For the mu-
nicipality of Delft this means a computational time of 31 hours. The calculations were made with
a computer with the following specifications: 128 GB RAM and 2 x 6-core Intel® Xeon® (3.47 GHz)
CPU.

6.2. Evolution of the existing tool to calculate a high resolution PV yield in
large scale urban areas

As introduced in section 2.4 the conventional method of PV modelling is the so-called irradiance
based approach, which estimates the POA irradiation and yield every hour and then integrates it
to obtain the annual PV generation of a surface. In the same section, an alternative method is de-
scribed, the Simplified skyline-based method, which avoids the hourly calculations to minimise the
computational time. This is the method used in this project since only the annual PV potential is of
interest and low computational time is a priority to estimate large scale areas.

The Simplified skyline-based method is based on two solar irradiation indicators, SVF and SCF,
which quantify the landscape and are correlated with the diffuse isotropic and ground reflected
irradiation and with the direct and circumsolar irradiation, respectively.

However, as described in [19] the SCF is not an irradiance-weighted parameter. Hence, making a
stronger correlation between SCF and the irradiance would improve the method. In an effort to
do so, [20] came up with two correction factors for the SCF, the air mass and angle of incidence
correction factors. Thus, the irradiation and yield estimations would become more accurate. Nev-
ertheless, the correction factors were limited, since the AoI factor only worked for the case of a 0°
tilted module, which is not suitable for the built environment, where roofs with different tilts and
orientations are found.

The work developed in this thesis project has enabled to use the AoI factor for any surface, no matter
the tilt or orientation. Furthermore, the SCF has been redefined to make a stronger correlation with
the irradiance, which was explained in section 4.1.

These changes in the method show a positive impact on the accuracy and deviation of the coeffi-
cients when cross-validated with the Perez model. For 0°, 45° and 90° tilted roofs, respectively 97%,
90% and 81% of the obtained POA yearly irradiation values deviated within ±10% from Perez irra-
diance model, whereas the old Simplified skyline-based method resulted higher deviation (respec-
tively 81%, 84% and 80% of the obtained POA yearly irradiation values deviated within ±10%).

Accuracy and deviation estimations are improved for every single tilt, however, smaller tilts show a
greater improvement. This is related to the fact that SCF is direcly influenced by the DNI. The larger
the tilt angle, the least direct irradiation and the more diffuse irradiation share it will receive, since
the Sun will spend more time behind the POA of the module. Consequently, the fitting for SCF will
become worse at higher tilt angles (greater deviation from Perez model), this is seen in the deviation
of both old and improved method after 60°. The improved Simplified skyline based method still
yields better deviation results than the old method for large tilts, since there are still a few direct
irradiance hours to weight and correct.
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After receiving the yield data of a set of 25 PV systems from a trusted source, a yield calculation
accuracy study was done to validate the improved Simplified skyline-based method. All the studied
PV systems are located in Eindhoven, the Netherlands. The results show that on average the relative
error of calculation is underestimating the real yield value by 6.64%. The biggest registered deviation
has been -14.18%.

The yield estimation of 17 out of the 25 has been lower than the actual one, which shows a clear
trend to underestimate the real annual yield. The possible interpretation of this can be that the
year in which this yield data was measured could have received a higher annual irradiation than
the average. The coefficients which are later used for estimating the yield are based on climate
data, which is the average of the available weather data from the past 20 years. Therefore, when
the annual irradiation received in a certain year deviates from the average, the estimation of annual
irradiation will also show a deviation.

In any case, further validation should be done to see if the tendency continues to be to consistently
underestimate the real value. If that would be the case, applying a correction factor could be a
solution in the long term.

Regarding the computational time of the irradiation and yield calculation tool, it takes on average
2.7 seconds per building, which adds up to 16.74 hours of computational time for the 22321 studied
buildings in Delft. As for the roof segment extraction model, this calculations were done with a
computer with 128 GB RAM and 2 x 6-core Intel® Xeon® (3.47 GHz) CPU.

6.3. Proof of application of the developed model

The main goal of this thesis project was to develop a tool able to assess the PV potential of rooftops
in large scale. As introduced in Chapter 1, this tool could be relevant for urban planners (munic-
ipalities) and DSOs (Distributed System Operators) that will increasingly require to keep track of
the potential PV generation in the built environment. Furthermore, by facilitating yield predic-
tion in a quick and user-friendly manner green energy generation could be incentivised among
citizens.

It is therefore essential to demonstrate the application of the tool to prove its potential. For doing
so, a rooftop PV potential assessment was carried out for the municipality of Delft.

Two scenarios for the PV potential generation were studied: full coverage of roofs and coverage of
only suitable roofs, which are the ones with a yield prediction of over 650 kWh/kW/y, which will pay
back the investment in 10 years according to the calculations made in [38]. It is important to high-
light that the full coverage scenario would cover up to around 80.5% of the total area of the roofs
since that is on average the percentage of the total area extracted from buildings with the roof seg-
ment extraction model, as explained in subsection 5.1.3. As introduced previously, it was assumed
that PV modules could cover the complete extracted roof area and that the DC-AC conversion effi-
ciency for PV systems is 93%.

In 2018, the annual electricity consumption of households in Delft was 115 GWh, while the industry
and institutions consumed 421.34 GWh. Both together accounted for 536.34 GWh of electricity con-
sumed, which is the reference value for the comparisons with the potential PV generation.

Regarding the PV potential scenarios, the full coverage one estimates a PV potential generation of
437.38 GWh, which would need a surface of 2.6 km2. This would account for a 81.55% of the total
electricity consumption in 2018, reducing up to 258 kt of CO2 in a year.

On the other hand, the suitable roof scenario estimates a PV potential generation of 384.81 GWh,
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which would need a surface of 2.08 km2. This would account for a 71.74% of the total electricity
consumption in 2018, reducing up to 227 kt of CO2 in a year.

Both scenarios showed optimistic predictions for solar energy in urban environments. However,
unfortunately electricity only accounts for 29.81% of the total energy consumption in Delft (exclud-
ing roads/highways), which was 1798.61 GWh in 2017 [42]. Thus, the full roof coverage scenario
would cover up to 24.32% of the total demand and the suitable roof scenario up to 21.4%. It is clear
that the energy transition should also focus on energy efficiency and sustainable heating mecha-
nisms.

Finally, to represent the calculated PV potential generation values in a visual way PV potential maps
were generated, which show both roof segment and building resolution. They can be found in sec-
tion 5.3 and Appendix B.

6.4. General conclusion and added value

As previously introduced in Chapter 1, the main goal of the research project was the following:

Development and proof of application of a large scale rooftop PV potential assessment tool with
roof segment resolution.

The developed tool is capable of assessing the PV potential of large urban areas with roof segment
resolution, as proved in the municipality of Delft, with an average error of -6.64% on average. Only
by using openly available height point cloud, cadastral and climate data. Furthermore, it can be
used for any area in the World that has the above-mentioned data sets available. Regarding com-
putational time, the tool takes on average 7.7 seconds per building to extract its roof surfaces and
calculation the PV potential of each of them.

Compared to the existing online yield prediction platforms (Zonatlas and PicoGeodan), the devel-
oped tool is clear about its yield calculation methodology and shows specific values of potential
energy generation per roof surface in the created maps.

In contrast to the solar irradiation tool from ArcGIS, it is able to estimate the irradiation and yield
accurately, as validated with real systems and cross validated with the Perez model, which is con-
sidered to be the 2nd most accurate irradiance model in terms of clear-sky irradiation estimation
according to [14].

Finally, in comparison with r.sun from GRASSGIS it is more user friendly and enables further re-
search and development on how to estimate the irradiation and yield better within the PVMD re-
search group.
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Recommendations

This chapter focuses on discussing the possible improvements to the existing rooftop PV potential
assessment tool and proposes future steps to make a more impactful tool.

7.1. Possible improvements for the developed tool

In this first section, the possible upgrades to the model are suggested. These recommendations are
divided into three groups: roof segment extraction model, irradiation and yield calculation tool and
mapping.

7.1.1. Roof segment extraction model

Despite the results showing high accuracy of estimation, a few improvements to the model are rec-
ommended:

LiDAR normalisation
In this project, as introduced in previous chapters, height point cloud data is used to extract the
roof segments of buildings and to estimate the obstacle view from the roofs, also known as skyline
profile.

In order to extract the roof segment heights correctly, a so-called height point cloud normalisation
must be done. This consists of the subtraction of the Digital Surface Model (DSM, considers built
environment and bare Earth elevation) by the Digital Terrain Model (DTM, only considers bare Earth
elevation). The result will be a height point cloud where every point will have a height over the same
reference: a zero height level surface.

This has not been done in this project since in the Netherlands most of the land is at 0 meter height.
However, it is crucial to do it at any other location where there are height differences within the
landscape. Figure 7.1 illustrates the explanation.

BAG data
The roof segment extraction model also makes use of cadastral data (also known as BAG) to extract
the information of the roofs of the buildings. In this project the cadastral data has been extracted
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Figure 7.1: Normalisation of a point cloud, from [43].

from [34], where they use the official BAG data and combine it with height point cloud data to con-
vert it to 3D BAG. It was the most straightforward way to obtain BAG data. However, the 3D BAG
used missed two useful attributes:

• Verblijsobject ID: Is an identification number linked to the property rather than to the build-
ing. For instance, small storage hut has a building ID but not a verblijsobject ID. The versblij-
sobject ID can be useful to know the postcode of the property or to be linked to the electricity
consumption point, which is described with this identification number.

• Building classification: The 3D BAG data set did not include the building classification that
the official BAG does, which describes the use of the buildings as household, historical, indus-
trial etc. This is interesting information for making a more realistic PV potential assessment,
where for example, churches would be discarded as a suitable PV area.

In order to have the official BAG data, it should be downloaded as a WFS geoservice from pdok.nl.

7.1.2. Irradiation and yield calculation model

The evolved irradiation and yield calculation tool has shown consistent results and clear improve-
ments compared to its previous version. Nevertheless, there are a few areas where more research
could be done. The first one is the interpolation method of the calculated points and the second
one is a further validation.

Interpolation
The irradiation and yield calculation model calculates 10% of the points in a roof segment and in-
terpolates the values of the remaining ones (as introduced in subsection 4.2.3). The interpolation
method used in the model is the nearest neighbour interpolation method. It was found empirically
that the results obtained with that method yielded better accuracy and computational results than
linear or natural neighbour interpolation methods. However, this was only proved for a few cases.
Therefore, a better study of the interpolation methods is advisable.

Moreover, further research should be done to know what points should be calculated (position of
them) and which should be interpolated to yield the best results, so far it was found to be extremely
case dependant.

Further validation
The yield calculation model has been validated for 25 PV systems in the Netherlands. The results
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showed a clear tendency to underestimate the yield by around 6%. In order to withdraw better
conclusions and see if this is a general trend, it is advisable to validate it with more systems and also
in more climates. Although, big variations in the results are not expected, since the old model was
already validated in different climates [19]. Furthermore, validation for high tilt angles would also
be interesting, since this has not been done until now. All the studied PV systems were placed in
rooftops that were not steeper than 60°.

7.1.3. Mapping

In this project, the irradiation and yield data has been imported from MATLAB and the maps have
been made in ArcGIS, as explained in Appendix A. Once in ArcGIS, natural neighbour interpolation
method was used to make the maps out of the imported points. As introduced previously, further
research should be done to conclude which interpolation method is the most appropriate for this
application.

Moreover, ArcGIS was used due to the availability of the software and the previous work carried out
in the research group. No market analysis was made to explore if other softwares could perform
better for this application. Hence, it is recommended to investigate if alternative softwares (open
source if possible) could work as well or better.

7.2. Future work

The developed tool in this project is a strong base for large scale rooftop PV potential assessments.
However, its applications could be expanded if further steps would be made. This section focuses
on proposing those steps to make the tool even more impactful.

7.2.1. Impact of PV in the low voltage grid

As introduced in Chapter 1, future energy systems will be more sustainable but also more complex.
The massive penetration of urban solar energy together with the EV charging will bring some chal-
lenges, such as keeping the LV grid within its voltage and frequency limits. PV potential studies
combined with grid infrastructure could play an important role by enabling decision makers to see
if the hosting capacity of the grid could allow further PV installations or if the grid might require
upgrades.

There are already some projects that have started studying the impact of PV in the low voltage net-
work hosting capacity, like [44]. In this paper the authors simplify the LV grid voltage constraints
to the distance to the nearest electrical substation and to the minimum consumption (installed PV
power higher than minimum power consumption on the same substation will lead to major volt-
age constraints). With these two considerations they categorise buildings into: no potential, no
hosting capacity constraint, distance constraint and minimum consumption constraint. Conse-
quently, what percentage of the existing PV potential could be installed without constraining the
grid is shown.

A similar approach could be followed using the developed tool and grid data, which is openly pro-
vided by the DSO, in the case of Delft, Stedin. In this thesis project some work has already been
done towards obtaining a LV grid PV impact map, however, time constraints limited the progress.
Figure 7.2 shows the LV lines and substations in a neighbourhood in Delft.
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Figure 7.2: LV grid lines and substations in the neighbourhood located in between
Rotterdamseweg and Proosdijpad, north from the TU Delft Campus.
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Although this study could not be fully completed in this thesis project some of the steps needed to
succeed in such study have been spotted. They are introduced in the following bullet points:

• Verify that voltage constraints can be simplified to distance and power mismatch: Further
research should be made to see if simplifying the voltage constraints in the LV grid to only
distance from connection point to substation and power mismatch would be enough.

• Distance calculation: Finding a methodology to estimate the distance from the connection
point to the nearest substation will be one of the challenges. It could either be done with GIS
solutions from the library or by developing an in-house algorithm (as done in [44]).

• Conversion of annual energy values to power values: The tool developed in this thesis cal-
culates the potential annual PV generation of surfaces. Nevertheless, for a grid impact study
instantaneous power values are needed. For doing so, a conversion step is needed. This could
be done following an AI approach, which would require a large amount of data of power and
energy values of different tilts and orientations, or with a model based approach, where cor-
relation formulas are used.

• Electricity consumption: The electricity consumption is a very privacy sensitive information.
Therefore, DSOs are not allowed to share it. However, they do provide average building con-
sumption data for every postcode of the city as seen in [45], which could be a starting point to
estimate the power consumption profile.

Such a study would be a preliminary diagnosis of the capacity of the network to host PV and would
be of great value for municipalities and DSOs. Thus, it is highly advisable to continue working on
it.

7.2.2. 3D mapping

So far, in spite of having calculated the irradiation and yield for 3D points, all the maps made in this
project have been in 2D. These maps show the potential of PV in a clear way but it would certainly
be an upgrade to generate this maps in 3D. 3D maps could have been already been generated in this
project by using ArcScene, however, only the roofs would have been shown in such a map. This is
because the used height point cloud data format, TIF, does not have enough point density to detect
building facades.

In the future, LAS height point cloud format could be used for 3D mapping, this data format has a
higher point density than TIF and is able to detect facades. Further steps need to be taken to convert
the LAS point cloud into smooth buildings, which are discussed in [46] and [47].

7.2.3. Addition to the Dutch PV portal

An interesting application for the data calculated with the developed tool would be to compliment
the PVMD developed Dutch PV Portal 3.0. More specifically, the roof surface data extracted from
the roof segment extraction model could compliment the Rooftop Scan functionality.

Figure 7.3 shows the interface of the Rooftop Scan tool, where the following parameters need to
be filled out: location (Address), electricity use and roof characteristics (technology, tilt and az-
imuth).

Many users might face the challenge of not knowing the tilt and/or azimuth of their roof segments.
There, is where the data calculated with the developed tool could be helpful. Once the user fills in
their address, a look up table could be used to know the roof segment characteristics of that building
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Figure 7.3: PV system design functionality in the Dutch PV portal [48]

(tilt, azimuth, area, SVF). Then, when the user needs to complete the tilt and/or azimuth fields, the
values of his/her roof surfaces could be displayed. Thus, facilitating the use of the tool.

Furthermore, the SVF of the chosen roof segment could also be displayed. Hence, warning the user
if high shading can be expected for the chosen roof surface.
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Manual for ArcGIS

A.1. Conversion from geopackage to shapefile

In order to import the BAG data to MATLAB, the 3DBAG file downloaded from [34] needs to be
converted from geopackage (.gpkg) to shapefile (.shp). These are the followed steps:

1. Import the .gpkg file to ArcMap.

2. Go to the "Selection" tab, click "select by attributes".

3. Firstly, specify the "Gemeentecode" of your area of interest, in this project the Gemeentecode
of Delft was utilised (0503). Secondly, ’bouwjaar’ should be older than 01-01-2014, which is
the day the plane flew over Delft to get the LiDAR data. Thirdly, only polygons with an "Area"
bigger than 25 m2 should be chosen to avoid small storage buildings.

4. Once the buildings are selected, click "export selected layer" and save it as a shapefile.

5. Then, go to ArcToolbox > Conversion Tools > To Shapefile > Feature Class To Shapefile (multi-
ple). Click on the ’Environments...’ button at the bottom of the dialog box. To the right of the
’OK’ button. There, the fields ’Output has Z Values’ and ’Output has M Values’ should be set
to ’Disabled’.

6. Click ’OK’, and the shapefile is ready to be imported to MATLAB.

A.2. Procedure to create irradiation and PV yield maps

The maps shown in the report of this thesis project are done following the methodology explained
below:

1. Import shapefile with the building polygons.

2. Import the shapefile with the points and corresponding Irradiation adn PV yield values.

3. Go to ArcToolbox/3D Analyst/Raster interpolation/Natural neighbor. There add your point
shapefile and in ’Environments/Raster analysis/Mask add the polygon shapefile.

4. Click OK and the interpolation map is ready.

5. The LiDAR TIF file was added as background and a Legend can be added in "Inset" tab.
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PV yield maps

The detailed PV yield maps of the city centre of Delft and the campus of the TU Delft and the PV
yield per building for the central part of the city of Delft are illustrated below:
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Figure B.1: Detailed yield potential of the city centre of the municipality of Delft.
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Figure B.2: Detailed yield potential of the TU Delft Campus.
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Figure B.3: PV yield potential per building of the central part of the city of Delft.



C
PV module datasheets
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List of Acronyms

AoI Angle of incidence
BIPV Building integrated photovoltaics
DHI Direct Horizontal Irradiance
DNI Direct Normal Irradiance
EV Electric Vehicle
LAS LIDAR Data Exchange File
LiDAR Light Detection And Ranging
POA Plane of array
PV Photo Voltaic
PVMD Photovolatic material devices
SCF Sun Coverage Factor
SF Shading Factor
SVF Sky View Factor
TIF Tagged Image File Format
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