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Abstract

Reliable data about the building stock and its heat-
ing demand are essential for deciding about the
investments in the transformation of the heating
sector. Following the practical requirements of
planning and engineering offices, we designed a
method to automatically generate heat demand
and building energy models for entire municipali-
ties or districts in Germany.
In this contribution, we present a compilation of

data, tools, andmethods that enable the generation
of a building stock database with building-level spa-
tial resolution and energy demand models that can
be simulated in up to hourly resolution. Sources
are data about LOD2 geometry, cadastre, building
archetypes, and typical weather conditions that are
fully open data throughout Germany, and a Ran-
dom Forest method to inform construction periods
for each building. An exemplary application to a
small town gives insights about heat demand out-
comes as well as about adaptations that were nec-
essary to get consistent results.

Introduction

One of the biggest challenges to move away from
fossil fuels is the transformation of the heat sup-
ply. Transporting heat energy over long distances
is expensive, which is why the heat transition is be-
ing planned and implemented locally. In Germany,
heating and hot water systems accounted for 200
million tCO2 in 2020, which was about 85% of the
emissions of the residential sector and amounted
to almost a third of the country’s CO2 emissions
(Umweltbundesamt 2023).
Following international agreements on emission

reduction, the German government has put in place
several measures to decarbonize the heating sec-
tor. Municipal heat plans (kommunaleWärmepläne
– KWP) are to be developed on a mandatory basis
and municipalities are to submit their plans for the
conversion of the heating infrastructure to achieve
CO2 neutrality by 2045. District heating utilities are
obliged to make existing networks run on renew-
able energy from 2045 on. The transformation of
existing networks as well as the design and the
construction of new ones are subsidized under the
federal funding scheme for efficient heat networks
(Bundesförderung effiziente Wärmenetze – BEW).
Reliable data about the building stock, the heat-

ing demand as well as generation potential for spe-
cific locations are essential for all steps in the deci-
sion process of heat sector transformation in gen-
eral, including the aforementioned use cases re-
sulting from German legislation. To meet the de-
mand of planning and engineering offices for high-
quality data and models, we designed a method to
automatically generate heat demand and building
energy models for entire municipalities or districts,
achieving geolocalized building-level spatial reso-
lution and hourly heat demand resolution. The data
resulting from our model can directly be connected
to common tools used in practise, such as QGIS,
with the goal to save time and costs and thereby
to accelerate the heating transition. In this contri-
bution, we present the tools and methodologies we
combined for the purpose as well as the insights
from an exemplary application.

Tools and Methodology

The state of the art includes various bottom-up
methods for modeling building energy use on dis-
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trict or urban scale. Some are based on energy
consumption data, some on theoretical demand
values, others on a combination (Lim & Zhai 2017,
Malhotra et al. 2022). This contribution focuses
on demand models for two main reasons. First,
they are not influenced by current user behavior
that might change in upcoming years; therefore,
they can provide comprehensive methods to gen-
erate building-specific extrapolations for future en-
ergy use. Second, data privacy considerations limit
accessibility and usability of data generated from
measured consumption.
In order to obtain realistic building energy models

for existing buildings, information is required on:

• Geometry of the buildings (e.g. volume, exter-
nal surfaces, roof type)

• Physical parameters (e.g. U-values, air-
tightness)

• Building function (e.g. office building, residen-
tial building)

The general process is outlined in Figure 1,
where the entire workflow for the model is summa-
rized in a total of seven steps going from the selec-
tion of the study area to the calculation of heat load
profiles according to three different refurbishment
state scenarios. The following subsections explain
the method in more detail.

Combination of Datasets

Availability of information is regionally different. For
application in Germany, we use a combination of
official and open data sets, with the aim of automat-
ing the process so that the effort involved in the
initial data collection for heat transition projects is
substantially reduced. This includes:

• LOD2 3D building models

• Building and property polygons from the official
cadastre (ALKIS)

• Years of construction from the census

• TABULA building archetypes published by
Loga et al. (2016)

• OpenStreetMaps (OSM)

• Test reference years DWD & BBSR (2017)

As all these datasets are openly available, geom-
etry (3D building models), use (cadastre and OSM)
and building physics (TABULA) parameters can be
derived for any given area within Germany. Similar
approaches are state of the art and the basis for the
model presented in this study (Fuchs 2018, Weiler
2022, Blanco et al. 2024, Gorzalka et al. 2021). The
data sources have different spatial resolutions and
data structures. Therefore, the compilation of a sin-
gle database is not straightforward. Themodel pre-
sented in this study aims for the automatic integra-
tion of all the different data sources and information
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Figure 1: Schematic representation of the model’s workflow. 1: Selection of the study area. 2: Import of
all available open data about the study area. 3: Restructuring the data and AI-supported dis-aggregation
of information. 4: Cross-check to ensure the database is complete; supplement with OSM data in case
of missing data or inconsistencies. 5: Classification of the building stock into the TABULA building types
and assignment of three refurbishment scenarios per building. 6: Import of DWD test reference years
and other standard boundary conditions e.g. for building use. 7: Results for 3 refurbishment scenarios
including calculations of energy requirements and load profiles according to DIN/VDI standards.
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about the building stock for a specific area and the
direct calculation of the heat demand of individual
buildings under different refurbishment scenarios.

Building Geometry

Building 3D Models are digital representations of a
built facility including the geometry of building com-
ponents at various levels of detail (LOD) as seen
in Figure 2 (Biljecki et al. 2016). Given the impor-
tance of roof geometry and relationships to adja-
cent buildings, LOD2 provides a better base for ur-
ban building energy modeling than LOD1 models.
LOD3 models with window and detailed structure
information are barely available and much more
computationally expensive to handle. In Germany,
LOD2 data in CityGML format are generated based
on cadastral footprints and digital surface models
(Gruber et al. 2014). However, due to state-specific
differences in cadastral data, there are variations in
data structures.

Figure 2: The five different LoDs for 3D Building
Models in CityGML (Biljecki et al. 2016). Licensed
under CC BY-NC-ND 4.0 DEED.

Building Age

The census data is given in grid cells of
100m×100m with just one total aggregated value
for residential buildings (Fig. 3). As it is normally the
only source of information about the year of con-
struction of a building, the assignment of building
age classes to individual buildings is challenging.
To overcome this limitation, we employ a previously
developed method (Blanco et al. 2023) which in-
volves training a Random Forest model on build-
ings with known ages and applying it to others.
Open datasets containing information about years
of construction and census hectare tiles with homo-
geneous ages prove to be valuable for training this
model.

Building Physics

Another significant data gap lies in the absence of a
source for small-scale allocation of refurbishments
to buildings. To address this, we propose modeling
all buildings based on the three refurbishment sta-
tuses outlined in TABULA (Loga et al. 2016). The
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Figure 3: GIS-based data overlay of streets in-
frastructure (OSM), census data of building age in
grid format with resolution of 100m×100m (Zen-
sus2011, DL-DE/BY-2-0), and 3D building model
footprints (LVermGeo-ST, DL-DE/BY-2-0) colored
by building age after classification.

TABULA building typology classifies the residential
building stock of Germany and other 20 European
countries into different building types based on con-
struction age, building type, location and refurbish-
ment state. This approach for the generation of
a building stock database enables the calculation
of scenarios with varying current and future refur-
bishment states, providing essential insights for the
planning process.

Weather Conditions

Local weather factors like ambient temperature and
solar radiation faced by the buildings play a sig-
nificant role in determining the total heat demand.
We integrate DWD test reference years for aver-
age years, years with extreme winters, and such
with extreme summers for 2015 and 2045. These
datasets include hourly values for temperature, so-
lar radiation, wind speed, and other parameters.

Building Stock Database

The extracted data from various sources is
stored in a comprehensive database combining
GeoPandas’ GeoDataFrame and the open-source
TEASER Python package (Remmen et al. 2018),
with individual buildings serving as a common ref-
erence point and geometric neighborhood relation-
ships between buildings to model the absence of
heat transfer between adjacent building zones with
similar use conditions. Missing building data and
inconsistencies are cross-checked and/or supple-
mented with OSM data.
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The database setup enables not only standard-
ized determination of heat demand for useful heat
and of heat load values according to the standards
DIN V 18599-2 and DIN EN 12831-1 respectively,
but also hourly resolved dynamic simulations of en-
ergy requirements and load profiles following the
guideline VDI 6007-1. The dynamic simulations are
run by using the open-source AixLib Modelica li-
braries mainly developed at RWTH Aachen (Maier
et al. 2024). Domestic hot water profiles are gen-
erated from DIN V 18599-2 annual demand values
and standard load profiles, while other possible out-
puts include map representations and sectioning
proposals (BDEW et al. 2016, Blanco et al. 2024).

Practical Applications

The practical relevance of this methodology is high-
lighted by the fact that numerous municipalities in
Germany are still in the initial phase of develop-
ing heating plans for their communities. Due to a
lack of qualified personnel and standardized pro-
cedures, the presented methodology, along with its
results, can expedite the first phase of these heat-
ing plans, which involves collecting data about the
building stock and calculating heat demands. As
presented in the introduction, further use cases of
the methodology appear within the BEW scheme.
In addition to its use in research studies, our

model has been applied in various projects across

multiple states in Germany. For reasons of confi-
dentiality, we have selected a random municipal-
ity in Germany to demonstrate the results. This
case study illustrates the practical application and
effectiveness of the presented methodology in real-
world scenarios to provide insights into the energy
demand and building stock of urban areas. The
study area selected is Calvörde, a small municipal-
ity in the state of Saxony-Anhalt, with a total pop-
ulation of 3392, and 2084 residential buildings ac-
cording to the ALKIS database.

Results and Discussion

Our application to Calvörde provides insights into
input data quality, heat demand results, and com-
parisons between load profile and standard de-
mand calculation results. There is a clear differ-
ence in data structure among different German
states, posing challenges for the respective data in-
tegration. Unlike other states, Saxony-Anhalt does
not provide specific function labels for non-heated
building parts like garages. Consequently, most
buildings in Calvörde’s stock are labeled as resi-
dential. To address this, we applied a filter consid-
ering all parts of residential buildings with a height
of less than 3.0 meters and/or without an address
label as unheated (False), as shown in Figure 5.
The heat demand map shown in Figure 4 (resulting
from the application of the methodology of 1) repre-
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Figure 4: Study area of Calvörde in the state of Saxony-Anhalt showcasing the heat demand for individual
buildings under the scenario of no refurbishment and a visualization of the 3D building models in a
subsection of the city. Basemap.de and LVermGeo-ST 3D buildings licensed under DL-DE/BY-2-0.
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sents the standard scenario of TABULA, i.e. without
any retrofit. For the central town of Calvörde, use-
ful heat demand for space heating and hot water
in residential buildings sum up to 38.6 GWh/a in
the standard scenario, 10.2 GWh/a in the retrofit
scenario, and 6.0 GWh/a in the advanced retrofit
scenario, considering the local 2015 test reference
year. These numbers most likely overestimate
the actual demand due to many unheated build-
ings that were not filtered out. In the practice, the
presented model requires local adjustments to the
cadastral function entries.
The simulated load profile for space heating in

the three retrofit scenarios and for domestic hot wa-
ter is shown for an exemplary building in Figure 5.
For consistency in the practical application of these
profiles, it should be made sure that their yearly in-
tegration matches the annual demand values cal-
culated using the monthly energy balance method
defined in DIN V 18599-2.
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Figure 5: 3D view of heating state classification in
Calvörde’s old town, with hourly demand profiles for
an example building for each refurbishment state.

Figure 6 presents a comparison of the contribu-
tions to the annual heat demand Qh,b for both the
standard and advanced retrofit cases. The figure
contrasts the heat sources, including internal gains
QI and solar gains through windows QS,tr, against
the heat losses, which occur through transmission
Qt and ventilationQv. Heat bridges are not covered
by the AixLib reduced-order model. The transmis-
sion losses due to them ∆Qt,hb are therefore pic-
tured separately. It must be noted that the different
contributions do not simply sum up to the annual
demand. For example, solar gains in summer con-

tribute to the annual sum of heat gains through the
windows, but do not reduce the heat demand signif-
icantly. To a lesser extend, deviations in the trans-
mission and ventilation losses between simulation
andmonthly balance in months with a very low heat
demand, do influence the contribution bars in the
figures, but not the annual sum. From the com-
parison, it is concluded that the demand calculated
by annual simulation matches the monthly balance
values satisfyingly well. This was reached by har-
monizing the consideration of longwave radiation,
air infiltration, and heat transfer through the base-
ment. Challenges remain regarding a slightly over-
estimated heat demand in the advanced retrofit
scenario.
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Figure 6: Contributions to annual heat demand cal-
culated by monthly energy balance (DIN V 18599-
2) and simulation.

Summary and Conclusion

This paper presents a comprehensive approach for
generating a building stock database with building-
level spatial resolution and energy demand mod-
els that can be simulated in hourly resolution. The
method utilizes open data sources, including LOD2
geometry, cadastre, years of construction, building
archetypes, and typical weather data, covering all
of Germany. Additionally, we made adaptations to
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the cadastral data and calculation methods to en-
sure consistent results. The final method was ap-
plied to the town of Calvörde as an example.
In its current state of development, the presented

methodology can be applied fully automatically to
the modeling of residential buildings in Germany.
Following the EU Open Data Directive, building
data have been openly available throughout the
country since June 2024. Manual adjustments to
the basic data are possible and also necessary
for non-residential buildings. Further development
of the model includes the automation of this step
as well as keeping it up-to-date with newly pub-
lished input parameters. The integration of con-
sumption data can contribute to a calibration of the
model to real building conditions, in particular re-
garding retrofit states, provided that challenges in
data quality and granularity can be solved.
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