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Abstract:
As the photovoltaic (PV) systems become more and more popular and developed there
also grows the need for tools that would help to estimate the usability and impact of
such systems on a larger scale. The use case addressed in this work is estimation of
solar energy production on the city scale. This information could help city governments
to easier find ways to increase solar energy production and, hence, improve energy
efficiency of their city. Such information could be obtained by analyzing the rooftops of
the building in the city and, luckily, datasets with detailed city geometry for Estonian
cities are publicly available. With regards to photovoltaic systems, the datasets mentioned
above can be used as a starting point to analyze the roofs, extracting the attributes such
as area, tilt and location for further processing. In this work the author aimed to create
a solution that would allow to estimate the amount of solar power produced by Tartu
or any other Estonian city present in the dataset given by Estonian Land Board. As a
result, author has created a prototype consisting of a processing pipeline that does the
analysis of geometry and estimation of solar power, as well as a web app to visualize
the results. Considering previous work, there have been similar studies which are either
not publicly available, not suitable or outdated. The solution described in this work
uses the latest technology and no paid external services. Additionally, it’s designed to
work with Estonian data out of the box which was not possible to use with some of the
existing tools. Hopefully the developed tool will be further improved and used by local
governments to improve the energy efficiency in various cities of Estonia.
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Tartu päikesepotentsiaali kaardistamine
Lühikokkuvõte:
Kuna fotogalvaanilised (PV) süsteemid muutuvad üha populaarsemaks ja arenevad,
kasvab ka vajadus lahenduste järele, mis aitaks hinnata selliste süsteemide kasutatavust
ja mõju laiemalt. Käesolevas töös käsitletakse kasutusjuhtumina päikeseenergia tootmise
potentsiaali hindamist linna mastaabis. See teave võib aidata linnavalitsustel hõlpsamini
leida võimalusi päikeseenergia tootmise suurendamiseks ja seeläbi parandada oma linna
energiatõhusust. Sellist infot võiks saada linnas asuvate hoonete katuseid analüüsides ja
õnneks on Eesti linnade kohta detailse linnageomeetriaga andmestikud avalikult kättesaadavad. Fotogalvaaniliste süsteemide puhul saab ülalnimetatud andmekogusid kasutada
katuste analüüsimise lähtepunktina, eraldades edasiseks töötlemiseks atribuudid, nagu katuse pindala, kalle ja asukoht. Käesoleva töö eesmärk on luua lahendus, mis võimaldaks
hinnata Tartus või ka tesites Eesti linnades võimalikku toodetavat päikeseenergia kogust.
Selle tulemusena on autor loonud prototüübi, mis koosneb andmetöötluskoveierist, mis
viib läbi geomeetrilist analüüsi, hindab potentsiaalset toodetaad päikeseenergia mahtu,
ja veebirakendusest tulemuste visualiseerimiseks. Varasemalt on sarnaseid uuringuid
tehtud, aga nende tulemused ei ole avalikult kättesaadavad, ei ole praktiliselt rakendatavad
Tartu linnale või on aegunud. Käesolevas töös kirjeldatud lahendus kasutab uusimat
tehnoloogiat ja ei kasuta tasulisi kolmandate osapoolte teenuseid. Lisaks on see loodud
töötama Eesti andmetega, mida ei olnud võimalik kasutada mõne olemasoleva tööriistaga
ilma neid täiendamata. Loodetavasti täiustatakse väljatöötatud vahendit tulevikus veelgi
ja selle võtavad kasutusse kohalikud omavalitsused energiatõhususe parandamiseks
erinevates Eesti linnades.
Võtmesõnad:
Päikesepaneel, päikeseenergia potentsiaali hindamine, tark linn
CERCS:
P170 Arvutiteadus, arvutusmeetodid, süsteemid, juhtimine
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1

Introduction

Solar potential in this study means the amount of energy the building can produce if
it had solar panels installed on the rooftop. The knowledge of solar potential of the
city would allow the city government to estimate the amount of additional renewable
energy that the city could be producing. Also if the general city-wide estimations look
promising, it will give a strong foundation to encourage citizens to deploy solar panels
at their homes. Even though Estonia does not have many sun hours in general, some
surfaces with a particular tilt and azimuth could be a profitable investment. On the city
scale it would mean a lot of saved energy.
The aim of this work was to create a tool capable of delivering the detailed information
about solar potential of all the buildings, as well as the total estimations for Estonian cities.
For easier interpretation, author has also created a web application that demonstrates the
results for several Estonian cities. This thesis also describes how 3D data of Estonian
cities can be analyzed, which could be interesting for similar use cases.
The project itself was requested by the city of Tartu and inspired by the similar
project called SUN-AREA done in the city of Osnabrück [23]. SUN-AREA, based on
the description, is done with the help of the ArcGIS Desktop tools which have a paid
license. Since it is not code-first nor publicly available it is impossible to directly use its
approach for other cities.
Estimating solar potential of the buildings is not trivial, it depends on location, time,
surface area, tilt and azimuth, weather, etc. Solar potential directly depends on the
amount of the sunlight that the surface can capture and the efficiency of the solar panels
installed, which might slightly vary under different conditions. Therefore the outlined
factors are important. Accurate 3D data of the cities is also important, as it allows to
extract the roof surface parameters.
Based on the research of existing work, similar problems could be solved with the
help of the GIS(Geographical Information System) tools, such as ArcGIS, or custom
software which is not available for wider use. ArcGIS, for example, offers a powerful
toolset, however has several limitations, such as a big amount of manual work to process
a single city. Other GIS tools the author studied, also were not fully suitable, as they were
either not possible to use programatically, were difficult to integrate or had commercial
license. That is why in this work the author has decided to propose an open-source
solution suitable for Estonian cities, that can be used easily and efficiently based on the
previous work and available tools and validate it.
The biggest inspiration for this work was Solar3DCity project [28] which is a Python
Command Line Interface (CLI) tool that is able to calculate solar potential of the buildings
on the larger scale. Solar3DCity is open-source and can be modified or extended as
needed, as well as capable of processing many cities at once. This is something that
the author wanted to achieve as well. Solar3DCity aimed to improve upon SUN-AREA
however it is outdated now and it doesn’t have the weather data for Estonia, which is vital.
6

In this work the author has aimed to create a similar solution with a modern technology
stack and specifically designed to work with Estonian cities out of the box. However,
compared to Solar3DCity, the developed solution also strongly differs in implementation
having: roof detection, different solar estimation implementation, different output format
and Docker support. Additionally, a web app to visualize the results was developed.
Regarding the structure of this thesis, in section 2, the author describes the general
background of the work, what is solar potential and how applicable is the current
project. Then, section 3 describes how the 3D data provided by the Land Board can be
used to extract the attributes useful for estimating solar potential. In the section 4 the
author describes how it is possible to estimate solar potential, given the roof attributes.
Next, Section 5 describes how the data processing and solar potential estimation were
implemented. Section 6 describes how can the obtained results be visualized, what
are the options and limitations for visualizing 3D data. In the section 7 it is described
how the developed application was deployed and validated. In the last section there are
conclusions and future work.

7

2

Domain background

To begin with, it is important to understand the needed domain terminology a bit better.
This section provides a brief overview about modern solar energy collection in the urban
environment.

2.1

Solar potential

Solar irradiance describes the rate of energy that is being accumulated on a surface
(power per unit area), expressed in W/m2. It varies depending on the location of the
surface, time and date, atmospheric conditions, and other factors [28]. Solar irradiation
also has to be integrated over time to have a more easily interpretable result, usually one
hour is used as a time frame. Obtained result is then expressed in Wh/m2.
The solar potential in this study is the total amount of solar energy that can been
collected on a surface area by means of using solar panels within a year, expressed
in kWh/m2/year. It is important to understand that solar panels cannot capture all the
incoming energy. Even though the technology is constantly improving, at the moment of
writing this work, most solar panels have around 20% efficiency. Additionally, there are
always some losses related to wear, weather, etc.
For estimating solar potential of buildings, knowing the precise structure and shape of
the roof area is crucial. Solar potential depends on the roof area, tilt and azimuth, because
those determine how much direct sunlight can be captured by the panels. Two identical
roofs with different angles could have a big difference in solar potential [41]. Then, solar
potential also depends on different weather conditions: temperature, pressure, amount of
sun-hours, to help capture this information knowing the location of the building is vital.
In theory it should also be possible to do an estimation of solar potential purely based
on the area of the whole city, however it simplifies way too many factors. First of all, not
all area of the city is suitable for deployment of solar panels - spaces like parking lots
and roads are not. Second of all, such approach would simplify the geometry of all the
buildings and that would also result in a huge error in estimations. Lastly, roof-integrated
solar panels are quite a common technology nowadays and it is definitely a suitable
technology to begin the city wide transformations towards renewable energy.

2.2

Modern PV systems

As mentioned in the previous subsection, solar panels cannot capture all the incoming
energy. It is important to consider this factor in the developed tool, for example to provide
meaningful default values for some parameters.
Based on the recent articles and blogs, the most modern PV systems can achieve
the efficiency of about 23%, while in general case the efficiency stays in the 15% - 20%
range [42]. However those numbers are calculated under special test conditions - cell
8

temperature of 25°C, solar irradiance of 1000W/m2 and Air Mass of 1.5 and would differ
in the real world use case. Some factors that change the efficiency are:
• Air temperature
• Dust and dirt
• Inverter and cable losses
• Shadows
High temperatures, shadows and dust could greatly decrease the output power and
ideally these factors should be also accounted when doing the estimations. Based on the
temperature alone, the power output can drop up to 25% down as can be seen in Figure 1.
Other losses, due to wear, dirt, cable losses, etc may vary. PVGIS tool [20] sets a default
estimation for such losses to 14%.

Figure 1. Loss to temperature graph [42]

To simulate these factors when estimating solar potential, the implementation should
include configurable parameters for desired PV system efficiency and accounted system
losses. While the temperature, amount of sun-hours, and ideally shadows factor should
be accounted based on the weather data.
9

2.3

Solar panels in cities

For the last years, the scientists have been researching the topic of solar potential in the
urban context. There have been numerous works related to estimation of solar potential
of cities and vehicles pursuing one major goal - accelerating the shift towards renewable
energy on the large scale. For example in [33] the authors describe how changing the
geometry of the rooftops in Toronto could potentially increase the production of solar
power. In 2018 there was a solar potential study conducted in Canberra [30], it described
the solar potential of the whole city, most suitable rooftops and potential decrease in
CO2 emissions. It was made possible due to APVI Solar Potential Tool [3] developed
with Esri ArcGIS similarly to the city of Osnabruck project. Important to note that
APVI tool only covers Australia, so it cannot be used for solar potential estimation in
Estonia. Similar project were also done in Spain [40], as well as other countries [29].
Even though Estonia is not a very sunny country, the tool developed in scope of this work
could give a ground for studies similar to ones described above, allowing to optimally
plan construction of new buildings and increase the amount of green energy production
where possible on the city or country wide scale.
Combined with other renewable energy sources such as wind and water, the potential
benefit for the environment is hard to underestimate. To simplify the transition to such
energy source there is a need for various software tools that would help to estimate
profitability of various solutions.

2.4

Historical solar power data in Estonia

For better understanding of the topic, as well as, validating future solar potential estimations, it is vital to have data about the solar power production in Estonia. Ideally this data
should also feature at least the types of solar panels to be able to find out the installation
area and efficiency.
One of data sources is University of Tartu Delta Center which has solar panels
installed on the rooftop. The power output of those is monitored as well. Statistics for
the past one and a half year, as well as solar panel data sheet were kindly provided by
the supervisor of this work. Other than that, the author was not able to find any publicly
available historical data from buildings that have solar panels in Estonia.
Considering the country wide statistics, even though the solar power production is
growing it is still quite a small fraction of total power produced in the country. According
to Estonian Statistikaamet, the amount of solar power produced in 2020 (latest year
available) was 122.5 GWh, while the total energy production was 5516 GWh. [14].
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3

3D data analysis

The first pillar which made the project possible is access to the 3D data of the cities and
counties in Estonia containing the outlines of the buildings provided by Estonian Land
Board [1]. The data includes 3 formats: CityGML, Wavefront (obj) and Geodatabse
(GDB), available for the whole country with an option to only get the desired city or
region. As described on the website, the data for the buildings is created by using a
fully automated process that converts the point-cloud dataset combined with the building
footprint data into formats mentioned above. The goal of the data analysis is extracting
the roof geometries to further compute the solar potential of the buildings.

3.1

Obtaining and storing 3D models of the cities

As mentioned at the beginning of this section, the origin of the data for the city buildings
is the point-cloud data representing digital elevation models (DEM). The Estonian Land
Board website mentions that it is collected via drones equipped with Light Detection and
Ranging (LiDAR) sensors. This point-cloud data can be found on the website [12]. Such
approach was also previously described in various research papers. This is a common
approach to capture the precise data about the city to support the smart city development
[38]. The convertion to CityGML, OBJ and GDB formats unfortunately is not described,
aside from the sentence saying that’s it’s done through an automated process.
3.1.1

Wavefront (OBJ)

OBJ is a simple 3D data format that represents the geometry alone - positions of vertices,
normals, texture UV coordinates and faces[19].This format is often used in 3D modelling
software. OBJ does not contain any metadata, which would be important when working
with buildings. For example, it contains no information about the address or coordinates
of the building. Also OBJ by default has no units, unless you write them in a comment,
which makes it less convenient to automatically extract them. An example of OBJ file
can be seen in Figure 2. There is coordinate system information written in a comment
however, there is no building-specific information at all. Because of the drawbacks
described this format was discarded.
3.1.2

Geodatabase (GDB)

GDB is a file format that works natively with ArcGIS for managing and storing the data.
By definition it’s a collection of different geographic datasets [15]. After researching the
usability of the data in this format, the author came to the conclusion that it is practically
unusable outside of ArcGIS. GDB is a collection of files, rather than as single file, the
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Figure 2. OBJ file example

structure can be seen in Figure 3. As the author aimed not to use any paid software for
the project, this format was discarded as well.
3.1.3

CityGML

CityGML is a standard specifically designed to store and represent virtual 3D cities,
the files themselves can be in GML or XML format. The GML files provided by the
Land Board include plenty of metadata for each building in the city, as well as the points
for the surfaces and the reference system. Author has determined CityGML as the best
format for analysis to be used in the project. It’s downside is that there are no tools to
easily visualize it, however it is possible to overcome this limitation through convertion
to another format. CityGML files from Estonian Land Board are provided in 2 levels of
detail (LOD) - LOD1 and LOD2. LOD1 represents simplified buildings only with flat
surfaces, while LOD2 buldings can have inclined roofs. CityGML files could also have
LOD3 and LOD4 providing more details about exterior and interior, such as windows,
doors, etc. An example CityGML file can be seen in Figure 4.

3.2

Roof analysis

Before estimating the solar potential, first step is to understand the CityGML data and
extract the information about roofs from it.

12

Figure 3. GDB format structure example

3.2.1

CityGML roof surfaces extraction

First, it is important to understand how the CityGML files for Estonian cities are
structured. The root tag is core:CityModel followed by the XML namespace definitions for CityGML, for example core points to "http://www.opengis.net/citygml/2.0".
Root tag itself only provides the the bounding region for the city and the list of
core:cityObjectMember tags which represent individual buildings.
From the Figure 7 it is possible to see that in CityGML for each building there is
indeed some metadata related to it, as well as the most important bldg:lod2MultiSurface
tag, which includes all the surfaces that the building has. Each surface has its points
separately provided in XYZ coordinates and in EPSG:3301 reference system[13], see
13

Figure 4. CityGML file example

Figure 8. Unfortunately, at the moment in the dataset provided it is not specified which
of the surfaces are the roof of the building. To overcome this issue a roof detection
algorithm had to be implemented. With the current implementation, to be considered a
roof, a surface has to fulfill two properties:
• Not be a floor surface - a floor surface has all its points located on the min(z) level.
Min(z) level in this case is the bottom most point of the building.
• Not be a wall surface. A wall surface has 90°tilt.
3.2.2

Roof area

Once it is possible to detect which surface belongs to the roof, it is possible to calculate
the roof area. As mentioned previously, a roof might consist of multiple surfaces which
14

Figure 5. CityGML LODs [39]

Figure 6. cityModel boundedBy tag content example

should be accounted separately, with their own area, tilt and azimuth, to have more
precise solar potential estimation. Surface area calculation comes down to determining
the area of a 3D polygon. Mathematical explanation and implementation for that was
found in an article [5] and used in the pipeline implementation.
3.2.3

Tilt and azimuth

Tilt and azimuth are the characteristics of the surface that are often used for estimating
solar potential. Tilt or inclination angle can be defined as an angle between the surface
and the horizontal axis. Azimuth or orientation is an angle of the surface relative to the
direction of the South. In case of local coordinates azimuth will actually be an angle
relative to the Y axis. A visual explanation of these concepts can be seen in Figure 9.
15

Figure 7. cityObjectMember tag content example

3.2.4

Latitude and longitude

To make solar potential estimations more precise, it’s vital to know an approximate
location. The most common way to store locations is in latitude and longitude. Since the
approximate value is enough, author has decided to take the first point of the surface and
convert it’s coordinates from EPSG:3301 to WGS 84 (latitude and longitude). Having
this data allows to use more accurate and relevant weather data.

16

Figure 8. EPSG:3301 zone [13]

Figure 9. Solar panel tilt and azimuth [43]

17

4

Solar potential estimation

As described in [34], there are two main approaches to predict solar power output:
statistical and physical. While first one focuses on historical data, second one leverages
the weather data. Considering there was very little historical data, second approach
makes the most sense to utilize in the project. Developing such a prediction system
would highly increase the scope of this work, therefor the author has decided to evaluate
if it is possible to use an existing API, library or ML model. Then, obtained results can
be compared with the historical data from University of Tartu Delta Center.

4.1

GIS software tools

When considering solar irradiation or potential, there are several GIS (Geographic
Information System) software tools capable of estimating it based on 3D data. In [32]
the author compares 5 different GIS tools: GRASS GIS, ArcGIS, SimStadt,CitySim and
Ladybug in terms of input data requirements, usability, and accuracy of the estimated
solar irradiation results. This subsection of the thesis is largely based on that work. GIS
tools include plenty of functionality aside from solar potential estimations, therefore
their usage in the developed tool would lead to increased overhead of the final product.
Yet, it is important to evaluate them as they are used in many of the solar potential case
studies worldwide, for example in [37], [36] and [44].
4.1.1

GRASS GIS

GRASS GIS is a free GIS software built for vector and raster geospatial data management,
geoprocessing, spatial modelling and visualization [16]. It provides the r.sun module
that computes direct, diffuse and reflection solar irradiation based on provided Digital
Elevation Map (DEM). GRASS GIS can be used via UI (User Interface) or CLI, so
technically it is possible to integrate it in the pipeline. Important to note that this module
does not account for weather data and has no means to import it at the moment of writing
this thesis, as well as no functionality related to simulating solar panels. Those limitations
directly impact the accuracy, as well as integration time, therefore the author decided not
to use this tool.
4.1.2

ArcGIS

ArcGIS [4] offers a big amount of possibilities when it comes to geospatial analysis,
visualization and more through online and desktop tools. Estimating solar potential
can be done in ArcGIS Pro with Spatial Analyst extension. Here important to note that
ArcGIS Pro requires at least 32GB of disk space, as well as available only under paid
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license. Such requirements would prevent the developed solution from being lightweight
and free, so this tool was discarded as it is against the initially defined goals.
4.1.3

SimStadt

SimStadt is an open-source, Java-based GIS desktop software for urban simulations,
analysis and energy potential estimation. SimStand has a built-in workflow to estimate
solar potential that requires LOD1 CityGML file and weather data in tmy format as
inputs. As a result the workflow produces the output describing the power it is possible
to produce, number of usable surfaces and other information. The workflow does not
support some solar panel related parameters, such as system loss, as well as the software
can only be used through desktop UI, which is a bit limiting, but yet still is a good option
to consider.
4.1.4

CitySim

CitySim [9] is a free and open-source for urban energy planning. CitySim is capable
of working with CityGML files through the desktop UI. To work with CitySim it is
required to provide only 3D data and climate data, while then it is capable to output the
solar irradiance data. Partially, the interactions with CitySim can be automated, however
CityGML file import can only be done through UI, which is a limitation. During the
initial research this tool was overlooked, therefore it was not evaluated properly before
the development. In future work this could be done, as CitySim could potentially be a
good fit.
4.1.5

Ladybug

Ladybug [17] is a collection of free and open-source applications for environmental
design and education. The tools are free but they are usually run in Grasshopper, a visual
programming language and environment that runs within the(commercial) software
Rhinoceros 3D [32]. Rhinoceros 3D is a CAD software, which requires inputs in DWG
format. Ladybug then provides the functionality to estimate solar irradiance of the
buildings in the 3D scene. Even though it is possible to use, integrating it seems to
require additional work compared to other soltuions, therefore it was discarded for now.

4.2

Libraries and APIs

In this subsection the author describes several libraries or APIs that could be used for
handling solar irradiance or power estimations. The target was to find the one that is
the easiest to integrate programatically, while having good quality of the results not to
extend the scope of the project too much. Compared to GIS tools a library or an API is a
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better solution, as it offers programmability by default and should be more lightweight.
Therefore, if a suitable solution of such kind exists, it will be preferred.
4.2.1

Solpy

Solpy is a Python library designed to model solar system performance [25]. It was used
in the Solar3DCity project and it features various ways to calculate solar irradiance and
PV system output. This library does not provide any utilities to work with the weather
data, so that has to be handled separately. Same as the Solar3DCity, this project is around
7 years old and it is not maintained anymore. Given that the author’s focus was to use
modern technologies the idea to use this library was discarded.
4.2.2

Pvlib

Pvlib Python is an open-source tool that provides various functions and classes for
simulating the performance of PV energy systems [35], similarly to Solpy. The amount
of functionality offered by this library is huge, it is even possible to simulate the power
produced by a certain type of solar panel, or alternatively just calculate surface irradiance based on surface attributes and weather data. The weather data could be custom,
however the library has a utility to fetch the weather data directly from PVGIS API. The
possibilities that are open with this package are very extensive and based on the research
it seems like the best Python solution for simulating PV systems.
The only issue with Pvlib is that it is a bit difficult in usage when trying to integrate
weather data and solar irradiance predictions, so the author has decided to look for
simpler alternatives, while keeping this option for the future work. That difficulty itself
is in building the weather prediction model based on the statistical data (2005-2020)
provided by PVGIS API and aggregating it by month and year.
4.2.3

Solcast API

Solcast provides a scalable API for solar irradiance and PV power estimations globally
[24]. Solcast provides high availability and plenty of features, such as historical and
forecast data about weather, irradiance, rooftop solar power and more. However it comes
with quite a high price of 370 USD per month + 20 USD for each additional set of
10,000 API requests per month. Given that the estimation pipeline would process tens of
thousands of buildings, this API is very cost ineffective to use.
4.2.4

PVGIS API

PVGIS API, which is based on the PVGIS web tool [20] provides an extensive amount of
functionality for estimating solar irradiance, PV system output and weather in a specified
location. Description of the tool mentions that PVGIS, maintained by the EU Science
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Hub, uses high-quality and high-spatial and temporal resolution data of solar radiation
obtained from satellite images, as well as ambient temperature and wind speed from
climate reanalysis models.
The endpoint which allows to estimate PV system output with just a few parameters
allows to fulfil the requirements for the tool the author was looking for. The API allows
to pass surface parameters such as tilt and azimuth, as well as PV system parameters like
system loss. A big advantage of PVGIS API is that accounts for weather automatically,
based on provided location, which simplifies the integration. Even though it would be
better to do the estimations locally rather then over the network, in the prototype stage it
is fine to sacrifice the efficiency for the sake of a working solution.
Considering the points above, author has decided to select this tool for solar potential
estimations. In the future, the usage of Pvlib or GIS software should be more thoroughly
explored as it seems promising. Also, important to mention that the PVGIS API is free
to use.
To check the accuracy of the estimations, author first decided to use the PVGIS
app and compare the yearly results in the app to historical Delta Center data stored in
InfluxDB. Delta Center has 732 solar panels with each one having an area of 1.937 m2
and efficiency up to 17.29%. Resulting covered area then is around 1417.88 m2. Instead
of area, PVGIS expects the peak power (kWp) which can be calculated as (kWp) = 1
kW/m2 * area * efficiency. So the approximate peak power for current Delta Center PV
system should be 241 kWp.
Final comparison can be seen in Table 1. It is possible to see that the values are quite
close. The difference could be due to different system loss or various other factors.
Table 1. Historical Delta values vs PVGIS estimations
Type
Historical
PVGIS

Area
1417.88 m2
1417.88 m2

Efficiency
17%
17%

System loss
unknown
20%

Yearly output
192247.183 kWh
204219.97 kWh

One more discovered way came from Eesti Energia solar panel solutions offered in
Estonia [11]. They offer several propositions which feature peak power of the system
and estimated yearly power production. Their comparison to numbers from PVGIS can
be seen in Table 2, system loss was not accounted.
As it can be seen, those numbers are quite close as well, especially considering that
system loss was not accounted. Eesti Energia, on the other hand, probably included
historical system loss. Overall, it is possible to see that the difference in PVGIS estimation
and the historical data is in range of the loss deviation. Therefore, when estimating the
solar potential for cities, the historical loss could be obtained with the help from solar
panel providers for more precise estimations.
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Table 2. Eesti Energia estimations vs PVGIS estimations
Peak power
5.25 kWp
7.5 kWp
9.75 kWp
12 kWp

5

Eesti Energia estimation
4990 kWh
7125 kWh
9215 kWh
11500 kWh

PVGIS estimation
5560 kWh
7944 kWh
9800 kWh
12710 kWh

Processing pipeline implementation

This section describes how the steps mentioned in sections 3 and 4 were implemented.
To briefly remind, the pipeline should process one or more CityGML files, extract and
analyze the roof surfaces of the buildings in the dataset, estimate solar potential for those
surfaces and export the estimations.

5.1

Setting up the project

For the processing pipeline implementation author has decided to mainly use Python
programming language. Python is often used for scripting, it is easy to use and it has very
good support for working with files. Also some code could be reused from Solar3DCity
project. The processing pipeline is a CLI tool that accepts different parameters for tuning
the calculations.
There were also two external Python modules used: Numpy [18] and Pyproj [21].
First one was used for mathematical operations related to roof area calculations, while
the second one was needed to transform coordinates to different cartographic coordinate
systems.To have consistent code style, author has used autopep8 [6] package which
automatically formats the code according to the standards and set rules.
Based on the previous sections and usability considerations, author has defined the
following requirements for the pipeline:
• Should be able to process one or more CityGML files stored locally
• Should have configurable parameters related to solar potential estimations
• Should run end to end, no manual steps in the middle of the processing
Those requirements resulted in the chosen pipeline architecture in Figure 10 and
parameters in Table 3. Default values for parameters related to solar potential estimations
were based on the domain background described in section 2.
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Figure 10. Processing pipeline
Table 3. Pipeline parameters
Name
lod
filename
pv-efficiency
pv-loss
roof-coverage

5.2

Description
LOD of the buildings (LOD1 and LOD2 supported)
a specific file to process (process all if not specified)
efficiency of the PV system
losses in cables, power inverters, dirt, etc
fraction of a roof that can be covered with solar panels

Default value
2
none
0.20
0.14
0.90

Implementing roof extraction

When the pipeline starts it reads the contents of the data directory with CityGML files
and sequentially processes one or all files there. To open the CityGML files the built-in
xml Python module can be used. With its help it’s possible to get the root XML tag of the
file as a Python object and begin querying for needed information. The most important
information to obtain for each building is its identificator and a list of the surfaces. First
one is used to provide per building outputs which can later be tracked back to actual
buildings in the dataset. Based on the list of surfaces, the pipeline analyzes which ones
belong to the roof, then calculates their area, tilt, azimuth and extracts their longitude and
longitude. Those values are stored in an in-memory dictionary, which is later populated
with solar potential data. Roof areas are also written back to CityGML files.
Functions for surface tilt and azimuth calculations were taken from the Solar3DCity
project. Calculating both is based on the surface normal and its projections. An angle
between the projection on the horizontal plane and the negative X (south) direction is
considered an azimuth. Similarly, tilt can be found through an angle between normal’s Z
(up) component and distance between normal’s X and Y components.
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5.3

Implementing the solar potential estimation

As the PVGIS API was chosen for doing the solar potential estimations, the author
had to integrate it with the 3D data processing part of the pipeline. Since the API has
the rate limit of 30 requests per second, a straightforward solution is to send requests
in batches with a pause after each batch. The important part is that once the request
resolves, the response with solar power data has to be mapped back to the building id
where the roof surface is located. After trying a few different ways to implement the
logic mentioned above in Python, the author has decided to delegate this part of the
pipeline to Node.js, because JavaScript as a language makes working with asynchronous
requests much simpler than Python. To integrate these two different technologies, the
author has decided to exchange data using temporary files - Python pipeline stores the
data needed to make the requests in a JSON file. Then, Python pipeline starts the Node.js
script, which reads the data from JSON file, makes the requests, and stores the results
in another JSON file which is then read back by Python pipeline. While this might not
seem like an efficient approach, it does not cause any performance issues, temporary files
require not more than 100 MB of memory and the time used for reading/writing is very
small compared to overall processing duration.
Once all the requests are done, the results are stored in the attribute map created by
the first part of the pipeline. So now, in addition to roof data, for each building id there is
also a list of solar power predictions for each surface. Finally, some data aggregation
is done to have monthly and yearly estimations per building and per city. Per building
estimations are needed to accurately visualize the solar potential on the map, highlighting
the buildings that are the most useful. Per city estimations are needed to give an overview
of the total city solar potential.

5.4

Pipeline output

After the processing is done, the pipeline outputs an updated CityGML file and two most
important files: city-pv.json and city-attributes.json. First one contains aggregated
yearly and monthly solar potential for the whole processed file (city). It is meant for
quick analytics and as a light-weight source of information that can be embedded into
applications. Second file containes very detailed information about every building in the
city including each roofs area, tilt, orientation as well as solar power estimations and is
meant for more in-depth analytics or custom integrations that could be done in the future.
The link to examples of those files can be found in Appendix I, as well as the source
code of the project.
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6

Visualization

When looking into different ways to visualize the results, author has considered different
options. While the processing pipeline is meant to be run very rarely, the visualization
should be available at any time. The author has decided to create a web app, because it is
a universal solution that can be accessed from any device. The app should display the
buildings in 3D alongside the solar power statistics for the city.

6.1

Visualizing CityGML file

Even though CityGML is a convenient and descriptive way to store 3D data of the cities,
it cannot be visualized on the web directly [27]. To overcome this issue, the files need to
be converted to another format beforehand.
6.1.1

OBJ

In the Solar3DCity project, which is frequently mentioned in this work, the author has
used his custom software to convert processed CityGML files to OBJ format. While
this approach is valid, the software used by the author of Solar3DCity is deprecated by
himself in favor of using CityJSON. There are other solutions available, which however,
would cause the loss of attributes, simply because OBJ file does not store any metadata.
For example, if one would want to paint the building in different color based on the roof
area stored in CityGML file, it would not be possible.
6.1.2

CityJSON

CityJSON is a relatively new alternative to CityGML, which is being actively developed
by the 3D Geoinformation research group at TU Delft. CityJSON provides more compact
files compared to CityGML and more tooling for different use cases. The research group
claims that the CityGML files can be easily converted with the help of the citygml-tools
package provided by them and then viewed in the web viewer. Because the web viewer
is open-sourced, it would be relatively easy to create a similar web application with
enhanced functionality for solar potential visualization.
After trying out the convertion to CityJSON, the author noticed that the buildings are
not displayed at all, most likely due to a silent format convertion error. As this approach
is quite new, there could be various issues at this stage, therefore author has decided to
evaluate using 3D tiles.
CityJSON shows great potential and seems to be the future for storing 3D city data.
The author belives that the tooling built around it will make it a lot more convenient to
use than CityGML.
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6.1.3

3D tiles and Cesium

One common way to visualize CityGML is through converting it to 3D tiles format. 3D
Tiles is designed for streaming and rendering massive 3D geospatial content such as
Photogrammetry, 3D Buildings, BIM/CAD, Instanced Features, and Point Clouds [2].
It has a hierarchical structure and allows for optimized rendering while still preserving
building-related metadata that can be accessed in the application.
There are not many ways to convert CityGML to 3D tiles described. The one featured
the most often is by using the FME Workbench software, which is a desktop application.
It has different pricing categories and is available for free for students, however the
license for it is quite costly. Additionally, it’s not possible to use it from CLI, therefore it
would add a manual step to the processing pipeline.
Ideally, the convertion to 3D tiles should be done within the processing pipeline. The
author was able to find one package called city-gml-to-3d-tiles [8] written in JavaScript
that does the job. Same as with PVGIS API requests, the Node.js script can be called from
Python code. The output can then be visualized on a map by using Cesium JavaScript
library.
Cesium is the open platform for software applications designed working with 3D
data[7]. It offers various libraries and APIs that make it easier to create 3D maps, which
one can enrich with custom 3D data such as buildings. Client side functionality can be
used via CesiumJS library. Adding custom 3D tiles data can be done very easily, as can
be seen in Figure 11. Added buildings are also interactable and stylable, which are two
very useful features. First one would allow to get some building specific information
on click, while the second one would allow to color the buildings based on their solar
potential.

Figure 11. Visualizing 3D tiles via CesiumJS [31]

Cesium also offers Cesium ION service which is free for non-commercial purposes.
It allows to upload the 3D data in various formats (including CityGML) which can
later be easily used in a Cesium application. Unfortunately, there were unknown errors
without answers when trying to upload CityGML files produced by the Land Board there,
therefore the previously described step of converting to 3D tiles was neccessary.
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Therefore, the chosen approach was to use the city-gml-to-3d-tiles library to convert
the pre-processed CityGML files to 3D tiles before visualizing them with CesiumJS
inside of a web application. Out of the box it did not support EPSG:3301 reference
system, so the author made a fork of the repository and introduced a small fix there. The
link to the fork can be found in Appendix I. Once the files are converted, Cesium allows
to create a 3D map in a few lines of code and load the 3D data directly onto the map. An
example of a map with 3D tiles data built with Cesium can be seen in Figure 12.

Figure 12. 3D buildings in Cambridge [31]

And the final processing pipeline can be seen below in Figure 13. Also two more
parameters were added to the pipeline that can be seen in Table 4. 2D map optimization is
needed to support flat maps, by default the 3D data has some minimum and maximum Z
value for each building. Output format currently supports only one value, however since
the project could be improved in the future this gives a foundation for other potential
formats. Alternatively, conversion might not be needed at all if the user only needs the
estimations data. Also it is important to specify higher RAM limit for Node.js which
defaults to 512MB. Experiments have shown that at least 5GB of RAM is needed to
convert Tartu CityGML to 3D tiles when using the city-gml-to-3d-tiles library.
Table 4. Pipeline visualization related parameters
Name
optimize-2d-map
output-format
node-ram-limit

Description
optimize the buildings to have the floor at z = 0
output type to convert CityGML files to
RAM limit for Node.js process
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Default value
True
tiles
5500

Figure 13. Final processing pipeline

6.2

Developing a web app

In the modern era there is a wide choice of frameworks and libraries to use for developing
web applications. They mainly share the same concepts and differ in the implementation
and various details. Considering the amount of code to write for the application was
expected to be small, the author has decided to use the library he is the most proficient
with - React. React is a JavaScript/TypeScript library which helps to build declarative,
component based user interfaces [22].
Instead of using Webpack, which is the most common tool for building, the author
has decided to use Vite [26]. Vite is extremely easy to configure, it is loads much faster
during local development and has a lot of flexibility when in comes to production builds.
It also supports various frontend frameworks out of the box, such as: React, Vue, Angular,
etc.
When the application starts, it reads the 3D tiles data provided from the pipeline
stored locally. Then, the application has a main page which allows to select the city to
visualize. This was done to allow the application to scale easier and provide information
about multiple cities in one location. Even though this approach is not ideal, it allows to
add new cities quite easily, because it is only needed to process desired new cities and
then restart the web app. Considering the expected traffic is very low, as the application is
not meant to be for public use yet, this approach was considered sufficient for now, while
in the future it would be better to decouple the web application and the data, removing
the need to restart the server.
Once the city is selected in the application, there are two main components - Map
and Dashboard. Map is located on the left side of the screen and it contains the Cesium
map supplied with the 3D tiles dataset of the chosen city. Dashboard is located on the
right side of the screen and it shows various statistics related to solar power production
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for chosen city, it takes the data from the JSON file that is produced by the processing
pipeline. An example of the developed app can be seen in Figure 14, dashboard and map
components separately can be seen in Figures 15 ad 16 respectively.

Figure 14. Tartu solar potential visualization example

Because 3D tiles format does not allow to give different colors to surfaces of one
building, instead the buildings have different colors based on their overall solar potential.
In the future one could attempt to improve the citygml-to-3dtiles library to include this
feature. Alternatively, other visualization options could be considered. When a building
is clicked, it is possible to see more details which are added during the processing, see
Figure 16 for the reference. First seven fields are inferred from the CityGML data, while
the fields starting from area are the custom ones added during the processing. Their
explanations can be seen in Table 5. The units are: m2 for area fields and kWh for power
fields.
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Figure 15. Dashboard component
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Table 5. Building features
Name
area
north-area
south-area
west-area
east-area
flat-area
etak_id
power
north-power
south-power
west-power
east-power
optimized-power

Description
total area of detected roof surfaces
area of roof surfaces facing North
area of roof surfaces facing South
area of roof surfaces facing West
area of roof surfaces facing East
area of roof surfaces with tilt <= 10°
ETAK ID of the building, not inferred automatically
total solar power that can be generated from the rooftop of this building
solar power that can be generated from the rooftop surfaces facing North
solar power that can be generated from the rooftop surfaces facing South
solar power that can be generated from the rooftop surfaces facing West
solar power that can be generated from the rooftop surfaces facing East
solar power that can be generated from the flat surfaces (optimized panels)

Figure 16. Map component when a building is clicked
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7

Deployment and validation

To be able to demonstrate the visualized solar potential of the cities easily, the application
has to be deployed to a server, so that it can be globally accessible. In the current project
iteration, the outputs from the processing pipeline and the web app need to be on the
same machine in order for web app to access the data. Hence, the author has decided to
use one virtual machine for both processing and a web server. Later, it would be more
hardware efficient to have processing pipeline and web server decoupled due to those
having different hardware requirements. While processing pipeline needs more RAM,
web server can run on quite a small virtual machine.
Though there are lots of cloud providers with their own pros and cons (AWS, Google
Cloud Platform, Azure and many more), the author has used OpenStack because it is
provided as a free service for students by the University of Tartu HPC center. At this
stage it was not so important to consider different options, because the virtual machine
(VM) is only needed for demonstrating the application. The requirements for the VM
are explained in the next subsection. Since OpenStack could be a paid service, in the
future various cloud providers, as well as deployment options (e.g cloud function for the
pipeline) could be considered.
Once the application is accessible online it is also much easier to evaluate it and
collect feedback.

7.1

Setting up the virtual machine

OpenStack provides a vast variety of VM configurations available with support of
different operating systems. Experimentally it was discovered that the machines with
2GB, 4GB and even 8GB cannot handle the whole processing pipeline and the process
gets killed due to too high RAM consumption (local development was done with 16GB
RAM). Therefore, the author has chosen the least powerful machine with 16GB of
RAM which is m2.xsmall. It has 4 VCPU, 16GB RAM and 20GB disk which is
more than enough for processing of the city of Tartu. In terms of CPU there are no
strict requirements as the pipeline is most composed of sequentially processed blocks.
Regarding the disk size, around 1GB of memory is needed for all the outputs and
temporary files when processing the Tartu city dataset, original CityGML file is around
200MB. Therefore, the amount of disk available on this machine is likely enough to store
the results for most parts of Estonia. Ubuntu 20.04 was used as the OS for the machine,
because it is a stable general purpose Linux distribution which is very commonly used
on both desktop and server.
To configure the machine fast and install all needed dependencies author has written a
separate script, that can be seen in Figure 17. Alternatively, the author has also added the
option to build and run both the pipeline and web application via Docker. This approach
is described in subsection 7.4.
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Figure 17. A script to install the dependencies

One last step before running the project is to download the CityGML files to the VM.
For that the author has used the scp command which transfers the files from one machine
to another. Another way that it could be done in the future is to create a script that would
fetch the files directly from the Land Board website and, perhaps, even embed it in the
pipeline.
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7.2

Pipeline processing time

On the m2.xsmall instance mentioned in the section above, the processing of Tartu
CityGML file takes 80 minutes. The biggest part of time is used for requests to PVGIS
API - 65 minutes a because those are throttled to avoid rate limiting. Considering
the pipeline is not meant to be run often the result is satisfactory. If the solar potential
estimations were done locally, for example via Pvlib mentioned before, then the pipeline’s
performance would drastically improve. As also mentioned previously, the usage of
more VCPUs should not give a big performance difference, therefore such experiments
were not conducted.
Also important to mention that Tartu has 20896 buildings in the dataset and the
amount of roof surfaces detected equals 76830. The information in this subsection is
taken from the logs of the pipeline which are very detailed to allow further performance
analysis.

7.3

Running the application

Once the VM was setup and pipeline was run to analyze target cities, the web app can be
started. At this stage, the VM has to be configured to accept requests on the port where
the app runs. After that the application can be accessed on the network. As mentioned
previously, before starting the app a script to detect cities which were processed is run
and therefore once new cities are analyzed, the app has to be restarted. Combined script
to run the app is located in the repository and can be seen in Figure 18.

Figure 18. A script to run the web app
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7.4

Containerization

To simplify the process of configuring environment and running the pipeline and web
application, the author has used Docker [10]. Docker removes the need to configure local
environment and allows to run applications easily on any operating system (OS). Instead
of the local setup, the applications run in isolated containers with specified dependencies
which are installed during build.
To containerize the pipeline author has created a Dockerfile where the source code
and data are copied and required dependencies are installed. For the pipeline to be able
to write the data back to host machine from Docker, author has used mount binding. This
is necessary so that web app would be able to consume the outputs of the pipeline. The
Dockerfile for the pipeline can be seen in Figure 19 and the commands examples to build
and run the pipeline are:
• docker build -t pipeline -f Dockerfile.pipeline .
• docker run -v <full-path-to-repo>/data:/app/data pipeline
– <pipeline-param> <some-value>

Figure 19. Dockerfile for pipeline

Containerizing the web app was done in a similar way. Source code and data folders
are copied when the image is built. One noticeable difference is a port in the container
has to be mapped to the host port when running the container, so that the application
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is accessible. The Dockerfile for the web application can be seen in Figure 20 and the
commands to build and run the pipeline are:
• docker build -t web -f Dockerfile.web .
• docker run -p 3000:3000 web

Figure 20. Dockerfile for web application
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8

Conclusion

As stated at the beginning of the thesis, the aim was to create a tool capable of outputting
the solar potential of Estonian cities. As a result, a processing pipeline that estimates
the solar potential of buildings based on the 3D city data was developed. The pipeline
outputs both raw data in JSON format with estimations for the whole city as well as each
individual roof surface. Additionally, the author has developed a web application capable
of visualizing the results.
The developed pipeline can be run for any Estonian city present in the data provided
by the Land Board, empowering further research and analysis on how to improve the
power efficiency of various cities. The data produced by the pipeline can be used as a
basis for various data science applications, as well as for embedding it in new and already
existing web applications.
The developed web application can be used for demonstration purposes and visual
analysis. From there it is possible to identify the buildings with the highest solar potential,
as well as see some statistics for the whole city.
Also, the solar power estimations made for Tartu can be compared to the total energy
consumption of Estonia mentioned in section 2.4. To recall, the amount of energy
consumed in 2020 equals 5516 GWh. Based on the estimation from the developed
application, a total of 886 GWh of solar energy can be produced from buildings of Tartu
city alone which is about 16% of the total consumption. Here it is important to note
the parameters used: PV system efficiency 20%, PV system losses 14% and solar panel
roof coverage 80%, which might be not fully realistic. Taking into account, that solar
energy is only one potential source of renewable energy this result seems quite promising.
Using the developed tool for doing the estimations of other cities and counties in Estonia
could bring considerable numbers that should be used as a motivation for the further
improvements in green energy transition.
Compared to existing options such as ArcGIS Pro and Solar3DCity, developed
solution has several benefits:
• It is based on the modern technology stack and can be easily run via Docker
• Weather is taken into account for locations anywhere in the world due to PVGIS
API integration
• Provided as a free open-source solution under MIT license, can be easily improved
and extended
• Multiple cities can be processed at once with no intermediate manual steps required
Even though the final solution is not perfect, the goals of this thesis can be considered
achieved, as the solution to estimate and visualize solar potentials of the cities was
developed. In the current state it can be already used within Estonia. However, with the
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improvements defined in section 8.2 it would be possible to make it much performant
and easier to use.

8.1

Current issues

Even though the solution is fully working, there are areas to improve in terms of performance, cost / resource utilization and maintenance and usability:
• Relatively slow pipeline processing time because rate limited API is used
• A powerful VM which mainly runs a simple server, because it is coupled with the
pipeline and the data
• More manual steps needed to add new cities to a running web application than
desired

8.2

Suggested improvements

To address the issues outlined above, author suggests the following things.
For performance:
• Attempt to replace PVGIS API with Pvlib or a suitable GIS tool to do the estimations locally, should drastically improve performance of the pipeline
For resource/cost efficiency:
• citygml-to-3dtiles should be replaced or improved to decrease the RAM requirements
• File server should introduced for storing outputs
• Pipeline should be run on-demand, download needed CityGML file and send the
output to a file server
• Web application should be running on appropriate hardware (2-4GB of RAM
should be enough)
For usability:
• Pipeline can fetch the specified CityGML file(s) from the web
• Pipeline can be easily triggered without a need to ssh to machine, cloud function
seems like a good option to consider
• Web application should be constantly running and should fetch the data from the
file server on reload
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8.3

Future work

In addition to improvement suggested above, there are various opportunities for future
work. One could re-attempt converting CityGML to CityJSON and develop a project
with tools for CityJSON which are more wide and are actively developed. Work in that
direction could lead to more easily customizable visualization apps, built on top of open
sourced CityJSON visualization tools and web components. Further more, it is possible
to use the already developed app to analyze cities in Estonia and find buildings with high
solar potential and report them to the local governments. Lastly, it is possible to analyze
the current geometry of the rooftops and find out if it is possible to suggest improvements
for future construction works that would increase total solar potential of the city as it was
researched in Toronto [33].
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Appendix
I. Code
Source code is publicly available under MIT license on GitHub at
https://github.com/boroma4/Mapping-Solar-Potential-of-Tartu . The repository also contains a brief manual about how to get started. A fork of the city-gml-to3dtiles can be found at https://github.com/boroma4/citygml-to-3dtiles.
Example output data can be seen at
https://github.com/boroma4/solar-potential-output-example.
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