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Abstract. This study presents a framework for regional smart
energy planning for the optimal location and sizing of small
hybrid systems. By using an optimization model – in com-
bination with weather data – various local energy systems
are simulated using the Calliope and PyPSA energy system
simulation tools. The optimization and simulation models are
fed with GIS data from different volunteered geographic in-
formation projects, including OpenStreetMap. These allow
automatic allocation of specific demand profiles to diverse
OpenStreetMap building categories. Moreover, based on the
characteristics of the OpenStreetMap data, a set of possi-
ble distributed energy resources, including renewables and
fossil-fueled generators, is defined for each building cate-
gory. The optimization model can be applied for a set of sce-
narios based on different assumptions on electricity prices
and technologies. Moreover, to assess the impact of the sce-
narios on the current distribution infrastructure, a simulation
model of the low- and medium-voltage network is conducted.
Finally, to facilitate their dissemination, the results of the
simulation are stored in a PostgreSQL database, before they
are delivered by a RESTful Laravel Server and displayed in
an angular web application.

1 Introduction

The need to decarbonize the way we consume energy means
that energy systems must undergo a major transformation.
A restructuring of the distribution and transmission network
is needed to combine the use of different sources of dis-
tributed generation, in particular renewable energies, and to
manage energy supply and demand. In the electricity sec-
tor, the concept of smart grids has given way to the concept

of smart energy systems, which signals the necessity to de-
velop the whole energy system as a coherent, smart system
that integrates different energy carriers and the electricity,
thermal, or gas sectors (Krog and Sperling, 2019). This new
concept emphasizes that the objective of transitioning to a
new energy model must consider the regional energy system
as a whole. For energy researchers and modellers, the con-
cept of smart energy systems situates the research focus on a
mesoscale, between the larger transmission network and the
smaller grids, usually conceived at the local level. In addi-
tion to proposing joint solutions for the generation, transmis-
sion, and distribution of electricity, a smart energy system
approach allows the classic business models of energy gen-
eration, transport, distribution, and commercialization to be
reframed. However, it is worth asking in what aspects such
an approach has advantages and to what extent it is possi-
ble to conceive the architecture and operation of this type of
system.

When the restructuring of complex processes such as the
generation and distribution of electricity is studied, it is nec-
essary to develop an approach that facilitates a systematic
framework for the analysis. In the last few years, different
tools for the simulation and optimization of energy systems
have allowed the exploration of the disadvantages and op-
portunities that different approaches to the modeling of ur-
ban areas offer (Abbasabadi and Ashayeri, 2019). Many of
these tools have been developed thanks to recent develop-
ments in computer science and the collaboration between
electrical engineers and researchers working in geoscience,
particularly in geoinformatics. The recent development of
new simulation and optimization models is closely linked
to the change of paradigm towards a more decentralized
and increasingly digitalized energy system based on renew-
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able energy. This change, together with the existence of new
databases on weather patterns with which the potential of re-
newable energies can be calculated using regional and global
reanalyses (Kaspar et al., 2020) as well as the existence of al-
gorithms and simulation models, makes it possible to process
all these data efficiently.

However, due to the complexity of energy systems, devel-
oping a suitable tool for the modeling of electrical systems is
not a trivial task. In the literature several works are dedicated
to the simulation of realistic electricity systems, focusing on
its different subsystems (transmission grid, distribution grids,
smart grids), with a local, regional, or national focus (see
for instance Grzanic et al., 2019, for a recent review). As
a result, different tools of simulation, optimization, and val-
idation methodologies of electrical systems exist and have
been developed to cover different needs and levels of analy-
sis (Kriechbaum et al., 2018), with regard to distribution net-
works. Moreover, the input data needed to simulate systems
and their requirements differ depending on the type of model
used. By instance, the simulation of new smart energy sys-
tems requires considering active and reactive power flows.
In the case of distribution networks, as Grzanic et al. (2019)
highlight, one of the major problems with the simulation of
energy models is that a validation process is needed in order
to show that the results are a realistic representation of the un-
derlying system. Nevertheless, at the lower voltage grid level,
the validation of energy systems requires access to grid topol-
ogy data including information about feeders, transformers,
and energy consumption data, which are mostly not avail-
able. However, the required increase in detail and accuracy
increases the complexity of the task and with the data and
computer power requirements (Medjroubi, 2017). The exis-
tence of new georeferenced data can help to generate more
realistic models of the low grid infrastructure of the electric-
ity sector, where data are especially scarce.

Based on previous applications and following Schiefelbein
et al. (2019) and Alhamwi et al. (2017), this paper presents
an approach to the planning of smart energy systems from a
GIS perspective that emphasizes the geographical dimension
of the task. The main objective of our approach is to design
electricity networks with the simulation of multiple energy
systems. In contrast with past applications reviewed in the
next section, the approach is strongly based on geoprocess-
ing tools. In our smart energy system approach, the focus lies
on the integration of renewable and storage technologies, in-
cluding power-to-gas technologies (PtG). PtG is regarded as
a distribution generator and an electricity storage or negative
control energy to counteract overloads in the grid, act as a
source of heat, and facilitate the integration of renewable en-
ergy sources (Zapf, 2017).

The rest of the article is structured as follows. The next
section presents an overview of current energy systems mod-
eling approaches with a focus on open-source tools and the
use of volunteered geographic information (VGI). Section 3
presents the main building blocks of the proposed framework

for regional smart energy planning using VGI. Section 4 dis-
cussed the presented approach with a focus on the advantages
and drawbacks, and finally, Sect. 5 presents the main conclu-
sions.

2 Energy system modeling and volunteered geographic
information

One of the most critical factors when modeling systems is
the trade-off between accuracy and simplicity. In a recent
review of the available modeling tools for energy and elec-
tricity systems specially designed to cope with high shares
of renewable energies, Ringkjøb et al. (2018) found at least
75 different software programs (Ringkjøb et al., 2018). In
their review, they categorize the different models by their
general logic, spatial–temporal resolution, and technological
and economic parameters. The existence of so many model
approaches shows the practically unlimited possibilities to
generate scenario simulations of renewable energy systems
by applying top-down, bottom-up, and hybrid models on a
global, national, or regional scale.

In Europe, with the installation of the smart meters, it is
possible to identify electricity generation and consumption
points with minimal latency, which facilitates the generation
of highly developed simulation models. Moreover, energy
management systems and certificates such as the ISO 50.001
also provide the opportunity gather high-quality data on in-
dustrial, commercial, and institutional organizations. Never-
theless, few approaches can introduce detail and flexibility
in the geographical dimension as the amount of data and re-
sources required grows exponentially. This is due to the high
level of complexity of the transport networks, especially the
distribution networks that connect each final consumer to the
points of generation.

One of the fundamental problems for researchers simulat-
ing button-up energy systems models based on high detailed
geographic data dependent on high-quality data input is the
access to data. To solve this question, a number of solutions
focused on the use of OpenStreetMap (OSM) data have been
implemented (Haklay et al., 2008). OSM data are one of the
most popular and well-supported examples of volunteered
geographic information (VGI). VGI collaborative mapping
platforms contain free and open-source user-generated con-
tent, with billions of georeferenced data. Gathering informa-
tion from VGI, especially from OSM data, has been a hot
topic in the GIS community since the late 2000s (Mooney et
al., 2010, p. 1). Depending on the scope of the investigation
area, a high amount of geographic and technical information
may be needed. OSM is often chosen and used for GIS mod-
eling, spatial analysis, or spatial statistics. “OSM has evolved
to one of the most significant and most famous VGI projects
in the past years” (Barron et al., 2014, p. 877) because it is
straightforward to get access to the required data. OSM data
can be downloaded from the OSM database, or another al-
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ternative is to involve a smaller data set size to download
an extract for a specific country or region using Geofabrik.
Alhamwi et al. (2017) already showed that the quality and
availability of OSM data are sufficient for scientific require-
ments and comparable to commercial geodata (Alhamwi et
al., 2017, p. 5). The advantage of using OSM data compared
to commercial geodata and other collaborative mapping plat-
forms is that OSM is a completely free open-source database
available to everyone (Valdes et al., 2018). As well as this,
OSM data are always accessible compared with commercial
or administrative data sets, which “are not always accessible
due to the lack of availability, contradictory licensing restric-
tions or high procurement cost” (Barron et al., 2014, p. 877).
On the other hand, the disadvantage of OSM data is that the
downloaded raw data have to be adapted to the objective of
the study.

The use of OSM data has proven a solution for the sim-
ulation of other infrastructure sectors, especially the trans-
portation sector, as in Valdes et al. (2018) and Schiefelbein
et al. (2019), where the authors investigated the use of points
of interest (POIS) from OSM to simulate the demand for e-
mobility infrastructures and heat demand respectively. Fur-
thermore, OSM data were used to calculate infrastructural
parameters such as district heating by extracting the geome-
tries of individual buildings from OSM data (Geiß et al.,
2011, pp. 1447–1471). Finally, McKenna et al. (2018) used
OSM data to visualize and estimate the potential of photo-
voltaic, wind, and biomass power generation for the opti-
mal planning of renewables and energy efficiency in different
cities. Allhamwi et al. (2019) use OSM data to estimate the
energy demand of urban energy infrastructure of a region un-
der study in Germany. Finally, Grzanic et al. (2019) develop
an approach for the generation of an electric power distribu-
tion system based on OSM and indicators collected from 99
unbundled distribution system operators (DSOs) in Europe
(Prettico et al., 2018) that was validated in a Croatian region.

There are few simulation tools available that deal with en-
ergy and power system modeling capable of managing the
detail of OSM data (Kriechbaum et al., 2018). In energy
systems modeling, power grid simulation on low- and high-
level voltage, such as in the open-source models open_eGO
and SciGRID, used OSM data as the primary simulation in-
put (Medjroubi et al., 2017 and Amme et al., 2018). Kriech-
baum defines multi-energy systems as varying in their char-
acteristics and level of flexibility although there are differ-
ent frameworks for optimization and simulation. In partic-
ular, their review highlights that only three modeling tools
allow the optimization of energy systems with a flexible and
user-dependent spatial resolution, suited for many scenarios
and focused on the optimization of energy networks and mul-
tiple regions. These three tools are PyPSA (Brown et al.,
2018), Calliope (Pfenninger and Pickering, 2018), and urbs
(Dorfner, 2016). All three are in an early stage of develop-
ment at the moment, and being open-source, they are very
dependent on the contributions of their users. Of the three

tools, PyPSA and especially Calliope stand out for the abun-
dance of documentation and the existence of a large commu-
nity of users that facilitates its use and dissemination. Based
on these characteristics and their complementarities (both are
completely free and open Python modules) the modeling ap-
proach presented in the next section makes use of Calliope
(Pfenninger and Pickering, 2018) and PyPSA (Brown et al.,
2018).

Pickering and Choudhary have seen in Calliope the in-
fluence of the power nodes modeling approach developed
by Heussen et al. (2010), which is also a multi-energy sys-
tem simulation framework but only designed for exchanges
of one energy carrier, electricity (Pickering and Choudhary,
2018). In the S6ET approach presented in the next section,
a first techno-economic analysis is done with Calliope to es-
timate, for example, system requirements and infrastructure
costs, improving power system planning and finding optimal
system layouts in the range from local up to international
grids (Hilbers et al., 2019; Morgenthaler et al., 2020). Cal-
liope interactively enables this with two easy-to-use technol-
ogy and location building blocks. Another strength of Cal-
liope is the ability to define and simulate multiple scenar-
ios. Such results can be used as a basis for investment deci-
sions. With the command-line interface or the Python API,
the models, which are composed of YAML and CSV input
files, can be simulated and analyzed. These files describe the
locations, links between locations, technologies, resource po-
tentials, and constraints from which an optimization problem
is derived, solved using a variety of optimizers and stored as
CSV or NetCDF files (Pfenninger and Pickering, 2018).

Analyzing the power system from the technical point of
view is important to show the actual state of the grid, in order,
for example, to keep voltage drops in the system to a mini-
mum and to prevent system collapse. Since current versions
of Calliope do not compute an in-depth power flow simu-
lation, we use PyPSA to do this calculation. PyPSA is de-
signed to simulate and optimize a grid design using different
methods for power flow analysis and offers the possibility
to include standard line and transformer types or define spe-
cific ones for the corresponding voltage level. The modeling
framework PyPSA is used in several projects to simulate net-
works for renewable energies (Brown et al., 2018) and is the
basis of the open_eGO and SciGRID frameworks for grid de-
velopment based on OSM data cited previously. Moreover,
multiple models focus on the whole European Union, like
for example the PyPSA-Eur (Hörsch et al., 2018), but it can
also be used for smaller regions, for example for countries
like South Africa (Hörsch and Calitz, 2017) and Saudi Ara-
bia (Groissböck and Gusmao, 2017).

3 S6ET approach

Energy systems modeling is a research area that, thanks to the
increase in computing power, has been developed extensively
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in the last few years, which has allowed the complexity and
resolution of the simulations to be increased. Due to the com-
plexity of the simulation task, different simulation tools have
been focused on specific questions, offering greater flexibil-
ity and resolution in certain areas. Simulation analyses are
focused on specific areas such as the energy transport net-
works, the simulation of energy systems with large renew-
able shares, or high-resolution space–time simulation. The
S6ET approach proposes a framework combining several of
these approaches to achieve a broader vision. For this pur-
pose, it proposes a workflow based on a button-up GIS ap-
proach founded on a highly granular database designed to
simulate energy systems at a local level (Fig. 1). We will
briefly describe the key elements of this workflow with an
application in Lower Bavaria.

3.1 Geoprocessing input data

The model input data are a central element of our energy sys-
tem simulation approach and are based on a combination of
open data sources and electricity consumption data collected
during 2019 and 2020. This electricity consumption data in-
cludes data from households, small businesses, and energy-
intensive industries and are combined with VGI to geograph-
ically identify the location of consumption with a high degree
of resolution.

Following the prevalidation data approach of Valdes et
al. (2018) and Alhamwi (2017), to identify the location of
different electricity consumers, OSM data are enriched and
processed together with local energy consumption statistics
to establish annual consumption profiles on an hourly basis
for each of the locations. Figure 2 shows how the number of
OSM data decreases by about 30 000 after the prevalidation
methodology of Valdes et al. (2018) in a case study in Lower
Bavaria. Most of the elements identified (around 85 %) are
presented in the buildings layer, containing information on
the building use divided in the f classes residential, indus-
trial, and commercial. Another layer offering a potentially
more detailed source of information as the POIS, which pro-
vides precise information as the building name or economic
activity only accounts for 1 % of the final prevalidated data.
The same can be said of the layers traffic, places of wor-
ship and water, containing f classes such as fuel, street lamp,
christian_catholic, jewish, reservoir, and docks.

With the prevalidated OSM data, buildings are classified
following the predefined parameters of the Bundesverband
der Energie- und Wasserwirtschaft, which are shown in the
first column of Table 1. To process the OSM data in consid-
eration of the development of the energy model, the building
classification was supplemented by three categories: single-
family (H1), apartment house (H2), and buildings or indus-
tries with high power consumption (BI). The new classifica-
tions have been generated based on the scientific literature
on building topology in Germany and assumptions; for an
overview see the last column on Table 1, following previ-

ous research on building classification (Schröder et al., 2011;
Möller and Kalusche, 2015; Heinrich, 2019; Krüger et al.,
2013).

During the classification, the information from the differ-
ent layers was validated. The layer land-use was used to have
a first overview of the primary usage of the terrain where the
buildings stand. The POIS layer contained information on
the economic activity, building use, and the specific names
of some buildings. There are a few layers that were consid-
ered useful during the prevalidation but are not valuable for
the building classification. A significant number of the data
from the layers traffic, water, land-use, and places could not
be used as they contained information on f classes, such as a
bridge, reservoir, river, locality, etc., that do not have a power
consumption. However, using all these layers together gen-
erates several problems, for example, double-counting prob-
lems, data without information, and errors. The objective of
the approach is a data set with very high information con-
tent and in order to achieve this, all processing and selection
procedures must be carried out. The final amount of data is
518 505, which represents 70.9 % of the original data (Ta-
ble 2).

The distribution of the data indicates that most of the OSM
data are divided among H1 and H2 classifications. To verify
whether the distribution and the number of residential build-
ings in Lower Bavaria are consistent, a comparison with the
database from Zensusdatenbank (Zensus, 2011) confirms the
distribution of single-family and apartment houses.

Based on validated OSM data of buildings, an electric grid
is calculated using the street network, which represents pos-
sible power lines between locations. These routes are used
as input data for the energy system simulation and the visu-
alization in a web application. After preparation, the street
network is used as the basis for a pgRouting topology in the
database. To do that, and as a communication point between
the web application and for use in our workflow, a Laravel
REST API is developed to get an approximated route of the
energy flow between pairs of OSM locations. PgRouting is
a PostgreSQL plugin that allows basic routing algorithms to
be run on grids as the Dijkstra algorithm, so the shortest pos-
sible path based on the geographical length. Nevertheless,
as electricity flows do not always take the shortest route, this
can be adapted (see Kays et al., 2017 for a discussion). More-
over, other methods such as the uesgraphs library can be used
to generate a grid topology (Schiefelbein et al., 2019) or the
NetworkX Python library (Hagberg, 2008).

3.2 Consumer profiles data

The scarcity of electricity consumption data for small,
medium, and large energy consumers is one of the main bar-
riers to the simulation of energy systems. In Germany, if the
annual consumption of electrical power is over 100 000 kWh,
the grid operator should measure, store, and provide compa-
nies with the right to access their data. For the simulation of
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Figure 1. S6ET methodology.

Figure 2. OSM data before and after the prevalidation.
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Table 1. OSM data before and after the prevalidation.

Building classification Class description Methodology, shown in the figures (m2)

H1 Single family house Area > 200

H2 Apartment house Area between 201 and 350

G1 Trade and commerce open weekdays
from 08:00 to 18:00 local time

If the f class can not be assigned to the conditions of the BDEW:
area between 351 and 800

G2 Commercial, predominant consump-
tion in the evening hours

BDEW applicable, through f class
(e.g., cafe or restaurant)

G3 Commercial 24/7
(cold stores, pumps, community facili-
ties, etc.)

If the f class can not be assigned to the conditions of the BDEW:
area between 801 and 1500

G4 Trade, shops of all kinds, hairdresser BDEW applicable, through f class
(e.g., butcher or beverages)

G5 Bakery BDEW applicable, through f class (e.g., bakery)

G6 Commercial with weekend operation BDEW applicable, through f class
(e.g., bar or car_ wash)

BI Buildings/industries with high power
consumption

Area > 1501

L2 Agricultural holdings without dairy cat-
tle

Type (e.g. farm or farm_auxiliary)

Table 2. OSM data by building class.

Building classification
H1 H2 G1 G2 G3 G4 G5 G6 BI L2 Total

Number of buildings 341.681 170.954 1.456 1.231 512 885 332 717 708 29 518.505
Percentage of total 65.90 % 32.97 % 0.28 % 0.24 % 0.10 % 0.17 % 0.06 % 0.14 % 0.14 % 0.01 % 100.00 %

consumers with an annual consumption under 100 000 kWh,
the grid operators are not obliged to provide such data but
customers can be provided with the real power measurement
if requested from the grid operator. On the other hand, the
BDEW publishes standard load profiles (SLPs) on an annual
basis as the effort for real-time measurement is considered
too high (Fünfgeld and Tiefemann, 2000).

To solve these issues, the S6ET has been establishing
cooperation agreements with several companies, including
energy-intensive customers, to use their data in the simula-
tions. Figure 3a shows the differences between a normalized
anonymous load profile and the SLPs G0, G1, G3, and G4
from 15 to 21 April 2019. One can see here the sharp fluc-
tuations of the load profile compared to the SLPs, which are
very uniform due to their averaging.

Another important factor is the effect of public holidays.
Figure 3b shows the Good Friday and Easter public holidays
in the region under study. The anonymous load profile shows
a lower average consumption and lower peaks (0.361 as op-

posed to 0.336) in different moments in time. The demand
profiles are for days that are public holidays corresponding to
the Sunday SLP, but the remaining days of the week are not
further adjusted, and average workday profiles are used in-
stead. Moreover, Fig. 4 shows the impact of this standardiza-
tion on the correlation and RMSE coefficients of four SLPs
during these weeks.

The S6ET research approach aims to establish to what ex-
tent the use of these standard profiles affects the modeling of
energy systems composed of a few consumers. Simulations
are carried out to show the effects of using SLPs in com-
parison with real load profiles and the impact on the techno-
economic valuation of different technologies evaluated. Po-
tential effects of the use of SLPs should be expected in the
sizing of batteries or photovoltaic systems, the installation of
a PtG facility, and the costs they generate.
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Figure 3. Measured load compared to standard load profiles on weekdays (a) and public holidays (b).

Figure 4. Correlation and root mean square error between a measured load compared to standard load profiles in weekdays and public
holidays.

3.3 Consumer profiles data

The geographic resolution and, therefore, the scope of the
analysis is one of the main elements that define the S6ET
approach. Recently, multiple applications have developed

an approach to spatiotemporal modeling of energy systems.
Most of the approaches use regional units based on aggre-
gated energy statistics, while other strands of the literature
use microdata or the weather resolution data as units of anal-
ysis. All these methods are applicable under the S6ET ap-
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proach, thanks to the flexibility of the simulation tools. More-
over, thanks to the use of OSM data, the focus can lie in dif-
ferent units of analysis. Figure 5 shows the annual electricity
consumption of the village of Straubing, situated in Lower
Bavaria with a population of almost 50 000 inhabitants and
covering an area of 67.58 km2 divided by a hexagonal grid
with a size of 0.4 km2.

To illustrate the power consumption for Straubing, an es-
timation of the individual power consumption was calcu-
lated for each building following a similar methodology to
the official Bavarian statistics office (Bavarian Government,
2020). Yearly kilowatt hour consumption per square meter
(kWh m−2 a−1) has been calculated for each building classi-
fication by dividing the total area of all buildings in a build-
ing class by the proportional electricity consumption. The re-
spective electricity consumption of all the buildings situated
in Lower Bavaria was calculated by using the energy index
and the square meters for each building. To identify the ge-
ographical concentration of energy consumption, grid layers
are generated, as well as the kilowatt hours per square me-
ter of buildings allocated to the corresponding superimposed
grid.

3.4 Energy systems modeling

The impact of the storage and distributed generation tech-
nologies on the existing underlying power grid system (phys-
ical hardware) is an essential element to ensure a reliable sup-
ply of electricity. Since more and more renewable distributed
generation systems are attached to the grid locally (e.g., PV
on rooftops), the local feed-in rises at the low (and medium)
voltage level, generating imbalances as electric grids are gen-
erally radial by design and assume single-source in-feed and
radial flows. In our approach, one of the focuses is the simu-
lation of local grids (low- or medium-voltage grid) with high
shares of renewables and small to medium PtG systems as
mean to long-term energy storage.

Based on preprocessed OSM data and standardized load
profiles, different scenario simulations in Calliope and
PyPSA are generated. We first optimize the system size based
on a minimization of cost and simulate the production, con-
sumption, and costs of different energy system configura-
tions to assess their effect on the power grid. The combined
data set as input for the models provides a more refined rep-
resentation of the energy demand and potential than current
models together with a grid situation in a specific area.

Calliope presents a balance between energy system flexi-
bility and usability. Following these two principles, the S6ET
approach lies in specialisms to contribute to this balance by
offering an interface that allows the user to configure differ-
ent scenarios intuitively and automatically. The basic build-
ing blocks of Calliope include four configuration files de-
scribing the technologies, locations and connections between
locations and scenarios. From a GIS perspective, a major
drawback of the current approach is the rigid role of the lo-

cations compared to the other building blocks. The location
files define which technologies are available in the network
and how they are connected. For this reason, they are not eas-
ily interchangeable in scenarios. In order to avoid this disad-
vantage, in the S6ET, the locations were given a new mean-
ing in the simulation. Thanks to the use of OSM data and
the YAML format of Calliope input files, locations are no
longer considered as a single place but represent a standard-
ized location as a collection of building classes (Table 2).
Each building class can be equipped with several predefined
technologies, e.g., a detached house with a medium PV sys-
tem and a small battery.

To achieve this goal, a configuration tool for Calliope mod-
els was developed (Fig. 6) with a graphical user interface,
which itself is configured via Calliope YAML files. In a sim-
ple interface, the user can equip the building classes with
technologies and select the geographical reference data and
the operating mode from several templates. The result is a
finished configuration of a Calliope model, which assigns a
building class with corresponding technology classes to each
georeferenced location from OSM that can be abstracted to a
single point structure and configures the scenario. The results
of the simulation can then be mapped back to the original
map and format as they consider their OSM ID and features.

Besides the economic analysis of the distributed genera-
tion and storage technologies, we focus on their impact on
the power flow of the modeled grid (including generators,
buses, lines, loads, transformers, etc.). For the simulation of
our power grid model with attached PtG technology, we need
to define different power line types. However, real data on the
topology and characteristics of the distribution networks are
not public. For this reason, as usually only earth cables are
used today for the low-voltage grid in the region under study,
we defined a set of standard power lines together with stan-
dard cable characteristics for the low and medium grid based
on the general grid characteristics of our target area. This al-
lows us to simulate possible congestions and the possibility
of installing parallel lines to solve them, for example.

3.5 Power to gas

PtG technology is what in Calliope is defined as a com-
plex technology involving multiple carrier inputs and outputs
and, therefore, should not only be conceived as an electric-
ity storage system. Due to its relatively low efficiency of re-
verse conversion of electricity, a supplementary demand for
heat and methane should be added to the model, adding sev-
eral energy carriers to our model. For this purpose, metha-
nation is required as a second step with the inputs hydro-
gen from electrolysis, carbon dioxide, and electricity, and
the outputs methane and heat. The methane produced can
be used as a natural gas substitution for boilers or combined
heat and power (CHP) plants. The CO2 required, on the other
hand, can be obtained from various sources, including indus-
trial processes and CHP. Depending on the methanation used
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Figure 5. Estimated location of the annual electricity consumption of the village of Straubing.

Figure 6. Schematic diagram of the Calliope model configurator.

(chemical-catalytic or biological), CO2 purification may be
applied before use. In terms of greenhouse gas emissions,
the CO2 bound in this way can be counted positively on the
greenhouse gas balance. Finally, from an economic perspec-
tive, depending on the CO2 source, this can also have a dif-
ferent positive monetary value, making it easier to achieve
potential economic efficiency. Germany, for example, has set
a CO2 price of EUR 25 per ton for 2021, which will increase
in the coming years (BUM, 2019).

Conceptually, the PtG plant operates together with a bat-
tery and CH4 storage (Fig. 7). Depending on the overload
size, we either lead it into a battery for fast and short-term
storage or operate a PtG plant with it. Since a PtG plant can-
not be operated with small on–off cycles, we set the start-up
at a specific overload size for different scenarios. Below this
value, the current is fed into battery storage. When the PtG

plant is operated, electrolysis and methanation generally take
place in the model, and methane is produced. As the Calliope
model cannot dynamically simulate all the different material
flows and interactions of PtG, we will limit ourselves for the
time being to a linear consideration with overall efficiencies
of electrolysis and methanation based on pilot plants.

Furthermore, some simplifications are applied in the
model; e.g., a simulation of an H2 storage facility is not
carried out. Instead, it is assumed that methanation is pos-
sible directly with every H2 production. This assumption
also eliminates the simulation of oxygen production. This in-
termediate step can indeed be implemented at a later stage
since a possible use of oxygen can be an additional source
of income depending on the location of the methanation or
the CO2 source, e.g., improvement of possible combustion
or the input into an aeration tank in a wastewater treatment
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Figure 7. Abstract concept for a PtG plant implemented in Calliope.

plant. The input CO2 is integrated into Calliope as a resource,
charged with negative costs, and is consumed in the conver-
sion process. The resulting CH4 can be stored or converted to
generate heat and power when needed by other technologies
integrated into the energy system. As a standard value, it is
assumed that 80 % of the waste heat produced can be used
(Friedl et al., 2017), but groups of different operating param-
eters of the plant can be specified and compared in different
scenarios

3.6 Visualization

The outputs of the Calliope simulation model are parsed and
saved in a PostgreSQL database, which maintains the same
underlying schema as the output data from Calliope together
with some of the more detailed outputs from the grid simula-
tion in PyPSA. The front end is based on an Angular single-
page application. By using the Angular material library, the
web application offers not only a modern and simplified de-
sign, but also great accessibility features and performance
at scale. Also, it ensures that the web application will be
compatible not only with desktop PCs but also smartphones
and tablets. The main building block of the application is
an OpenLayers web map, which uses OSM as a base map.
The user should be able to select a particular combination of
technologies for a precalculated microgrid, which will then
be displayed on top of the map. By clicking on the energy
routes and nodes, the user can get detailed information on
how much energy is produced and consumed by what tech-

nology at a point. The user will also be able to measure dis-
tances and areas on the map, which will be useful to get a
better understanding of what the numbers of the simulation
imply. Figure 8 shows a prototype of a web application.

4 Discussion

The S6ET approach combines several “areas” into one
framework with a focus on GIS. This combination of ap-
proaches gives rise to several advantages but also has its
downsides. Using Calliope for economic analysis besides
PyPSA allows us to take realistic AC power flows at a partic-
ular voltage level into account. Since PyPSA performs power
flow calculations, detailed technical information (nominal
voltages, nominal power, or active and reactive power) about
generators, loads, power lines, etc. is required to achieve
more precise results. In contrast, Calliope performs a more
abstract energy optimization (no power flow) and hence
needs not as much specific information. For example, the
component “line_type” can be set in PyPSA for different
types of earth cables or overhead lines according to a cer-
tain voltage level. As mentioned in Sect. 3.2, in our target
area, there is only few freely available data on the grid, and
different grid operators exist. For example, there is no infor-
mation on used and already installed cables (specific type and
location) for cities and villages available in public.

Nevertheless, there are several standards for the grid in-
frastructure in Germany that grid operators have to fulfill.
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Figure 8. Angular web application containing the results of a simulation model.

This includes various types of normed power lines, earth ca-
bles as well as overhead lines, for each voltage level. For sim-
plicity in our approach, we include only one standard type of
earth cable for each voltage level in the target area. Hence,
one earth cable for the low-voltage grid and one for the mid-
dle voltage grid is used according to Witzmann (2013).

Working with these simulation and data tools highlights
the importance of high-resolution data. On the other hand,
a big challenge in many GIS applications is how much data
can be visualized at once without overloading the web appli-
cation. The simulation of transmission lines may not be an
issue for current GIS software (Abdulrahman and Radman,
2020). Nevertheless, for distribution grids, the energy paths
are quite detailed, because the structure of the grid goes from
building to building. If zoomed out of the map, this resolu-
tion may lead to a wholly overloaded map, and the user can
not get any information out of it. Also, a way to filter and
compare data is needed to allow the user to receive precisely
the information he needs.

Another challenge is to model what a realistic energy flow
looks like. Due to the absence of real data on distribution
grids, there is a need to try different routing algorithms to
determine which is the most realistic one, and to deliver reli-
able results that may or may not be applied to real grid data.
This should be possible as the use of GIS for the model-
ing and simulation of different aspects of energy systems is
widespread (Alhamwi et al., 2017). Nevertheless, from the

knowledge of the authors, current open-source tools for en-
ergy system simulation and optimization are not entirely in-
tegrated into GIS. For example, the well-known Qgis and Ar-
cgis do not contain specific libraries, and more work is nec-
essary.

The Framework for Regional Smart Energy Planning in-
volves the simulation and analysis of different energy re-
sources and dimensions of the energy system. The decision
to integrate PtG in our model is based on the fact that the
natural gas network in Germany is very well developed and
that methane can be fed into the grid without any significant
problems. The factors used for efficiency are taken from cur-
rent market offers from electrolysis and methanation man-
ufacturers in Germany (H-Tec systems, MicroPyros). Nev-
ertheless, Calliope as a black-box model can only resolve
linear optimization problems, but PtG is a complex technol-
ogy that would require dynamic simulation. The simplified
approach presented here, on the other hand, allows for bet-
ter handling and faster simulation results. Further applica-
tions should consider other technology options to represent
real-world situations better. For example, the usability of the
waste heat is strongly dependent on the temperature level re-
quired by the consumer but can be improved by using heat
pumps.

The methodology developed for the classification of OSM
building data in the approach is to be discussed. It is already
known in the scientific community that OSM data are often
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Figure 9. Correlation distribution from load profiles to standard load profiles.

collected by amateur geographers and non-specialists, which
casts doubts on the quality of the OSM building data used
(Mooney et al., 2010, p. 514). In order to improve the quality
of the OSM data, due to the lack of information concerning
buildings, many processing steps, assumptions, and simplifi-
cations need to be made (Alhamwi et al., 2017, p. 5). Apart
from this, the methodology for establishing the building clas-
sification is based on the assumption that the square meters
of the buildings are expressed in gross floor area. This as-
sumption cannot always be verified.

Furthermore, the methodology used to establish the Ex-
tended Building Classification (H1, H2, BI) is not confirmed
to be correct as it is based on an approach from the field of ar-
chitecture and construction and is vulnerable in this context.
On the other hand, the frequency distribution of buildings
in H1 and H2 corresponds to the values in the Zenus 2011.
A further aspect, which depresses the exactitude for the en-
ergy index calculation, is the fact that the energy consump-
tions of the individual industries and sectors of business are
not known. As already specified, the electricity consumption
of each classification is divided by the numerical amount of
buildings, introducing a bias.

However, one approach to solving the problem of the gross
floor area is to compare a sample of OSM building data from
one municipality (e.g., Deggendorf) with the corresponding
development plan (Zhou et al., 2019). Moreover, the energy
index for the respective building classifications can be im-

proved by requesting individual electricity consumption fig-
ures. If, for example, the power consumption of all build-
ings of category G5 in a municipality could be determined, it
would be possible to calculate a precise energy index, which
would be applicable to the whole region for this category
(Remmen et al., 2018). This would lead to a more accurate
visualization of electricity consumption and a more accurate
data input for the energy model Calliope.

Although this approach can help with the management
and planning of energy systems and the identification of new
business opportunities, it does not eliminate all the uncertain-
ties. For instance, the analysis shows that the uncertainties
in energy modeling increase by using the standard load pro-
files. SLPs only reflect average consumption behavior and
are only representative if the number of consumers exceeds
400 (von Appen et al., 2014). This bias is a significant prob-
lem, especially for simulations of microgrids. No villages or
markets can be represented representatively. For households
or smaller residential areas, it is impossible to simulate their
peak loads correctly without further information in order to
correctly dimension the batteries for their supply (Schiefel-
bein et al., 2019).

The fact that an exact allocation of the commercial users
to the SLPs is not straightforward is shown in Sect. 3.2. From
a random data set with 72 real load profiles measured at 72
measuring points every quarter of an hour, only 48 of the
original 72 data sets have a correlation coefficient over 0.7
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(Ratner, 2009). The boxplots in Fig. 9 show how the corre-
lations of the 48 load profiles are distributed among the 11
SLPs. It can be seen that G0, G1, G3, and G4 have the best
values, but no clear allocation is yet possible.

5 Conclusions

This article presents a framework for regional smart energy
planning using volunteered geographic information. One of
the main contributions is the generation of a framework that
shows the effectiveness of using open-source data and tools
developed in different disciplines. As well as this, this article
also allows the identification of possible avenues of future
study to increase collaboration between different disciplines.
Among them, the generation of consumption data at a non-
aggregated level that allows the identification of consump-
tion peaks is highlighted. In simulation studies, these con-
sumption peaks, combined with climate data, often play an
important role in optimizing energy cell sizes. Without them,
the results will be significantly more conservative, as they ig-
nore specific circumstances that repeat cyclically during the
year.

The approach presented here can help to contribute to as-
sessing to what extent VGI data can be adapted to the simu-
lation of energy systems. Regarding the use of OSM data, the
results for the study area presented here are promising. From
the entire OSM data set for Lower Bavaria, which was ob-
tained from the provider Geofabrik, 71 % of the data could be
used. Due to the requirement to generate a high-quality data
set of building classification and the various work steps of
OSM building data processing, the number of data decreased.
However, it is uncertain to what extent this data set really in-
cludes and correctly represents all final energy consumers in
the region. As for the SLP consumption profiles offered by
DSOs, results are nonetheless less positive. The analysis of
a sample of a group of consumers shows important devia-
tions with respect to the SLPs that are normally used to sim-
ulate consumption and establish forecasts. At the time when
the methodology for the SLPs was created, the German en-
ergy supply was centralized with lignite and nuclear power
plants and may not reflect current customer behaviors. In the
meantime, the system has moved towards a more decentral-
ized energy supply. Currently, consumers are starting to be
regarded as producers (prosumers) as well, which is why the
load on the electricity grid is changing, and its stability can
be influenced.

However, applications such as PyPsa and Calliope may ex-
perience a revolution in the short and medium term as the
current lack of data will change. The legislation implemented
in the EU countries imposing the full integration of smart
meters should be seen as first step in this direction. However,
the success of the future energy industry thanks to the avail-
ably of richer data depends not only on the production of
data but mainly on its processing, evaluation, and interpreta-

tion by suitable applications. In countries such as Germany,
photovoltaic systems and smart meters are already installed;
nevertheless, most of this data cannot be used for modeling
energy systems because it is not public.

Regional energy management systems are not just rele-
vant for public planning but also for all the actors interested
in exploring the new possibilities associated with real-time
power measurement. Nevertheless, if stakeholders do not yet
have available data on their consumption behavior, they can-
not perform demand management strategies. Moreover, for
companies looking for new business opportunities, the un-
certainties linked to the use of SLPs increase together with
the complexity of the systems, including the increasing share
of renewable distributed generation. Therefore, it is impor-
tant for all actors to have a better representation of the energy
systems, in terms of both changing consumption and produc-
tion behavior.
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