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Abstract
According to statistics, the German building sector is directly 
responsible for 16 % of the GHG emissions in the country (Fed-
eral Climate Protection Act), as well as roughly 40 % of the total 
final energy consumption. More than 70 % of heating rely on 
fossil fuels. The building sector is a key pillar of the green en-
ergy transition in Germany. To model the decarbonization of 
the sector and support policymaking, a reliable and consistent 
representation of the heterogeneous buildings and technologies 
in the stock is needed. In this study, we develop a regionalized 
representative building stock model for Germany by making 
use of different sources, incl. (1) Census survey data at various 
geographic levels, (2) findings from the TABULA project about 
residential buildings, (3) non-residential building stock dataset 
(dataNWG) developed by the Institute for Housing and Envi-
ronment (IWU), (4) built environment data from the Global 
Human Settlement Layer (GHSL) varying from 10 m to 1 km 
geographic resolution, and (5) data from research papers and 
the public reports by IWU and the German Energy Agency 
(dena). As a result, the building stock model includes a popu-
lation of “representative buildings” (RBs), each of which has 
detailed information on its sector, type, construction period, 
geometry (surface area and orientation) and thermal efficiency 
(U-value) of components, heating system and technology, and 
location in terms of the NUTS 3 region and settlement types 
(e.g., urban center, sub-urban, rural cluster, etc.). The number 
of buildings that each RB represents is also estimated for aggre-
gating the results to different regional levels. Finally, the energy 

demand of the building stock model is calculated according to 
the simple hourly method of the DIN EN ISO 13790. The en-
ergy demand is then updated with user behavior parameters 
such as internal set temperatures, occupancy profiles etc. and 
heating system conversion efficiencies to obtain the final en-
ergy consumption. The final energy consumption is compared 
with the statistics in a base year at the national level. This rep-
resentative building stock model can serve as the foundation 
for developing agent-based energy demand projection models 
for the German building sector. Based on the high geographic 
resolution, such models have the potential to analyze the effects 
of the development of infrastructure, e.g., district heating net-
work and gas grid, on the transformation of the building stock.

Introduction
In 2021, there were around 21.4 M buildings for residence as 
well as public and commercial service purposes [1]. The Feder-
al Climate Protection Act (Klimaschutzgesetz (KSG)) attributes 
16 % of the country’s greenhouse gas emissions to the use phase 
of buildings. Approximately 75 % of the total energy consumed 
in the building sector was required for heating in 2021, more 
than 70 % of which was supplied by fossil fuels, and the direct 
fossil fuel demand amounted to roughly 570 TWh [1]. Overall, 
the German building sector has great potential to decarbonize 
and deliver major contribution to the climate neutrality targets 
of the country. The federal state of Germany has been forming 
policies, such as the KSG and the Building Energy Act (Ge-
bäudeenergiegesetz (GEG)), to steer the building sector in a 
climate neutral direction. Planning the transition to a cleaner 
economy requires the development of scenarios and strategies, 
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where the characteristics of the sectors and regions, implica-
tions of policies, as well as limits of resources and other aspects 
are taken into account. 

In this paper, we aim to develop a representative building 
stock model for Germany with high technical granularity and 
geographic resolution, which can be further used to analyze the 
transition of the building sector and support policy design. For 
this, different sources of open data need to be used.

First is the latest published Census survey data, which gives 
the number of residential buildings in Germany at national, 
state, district, county/city and local administrative unit level as 
well as at 100 m × 100 m grid cell (hectare) resolution according 
to the number of dwellings present in the building, construc-
tion period, ownership type, type of heating system and type 
of building construction [2]. In the hectare level survey data, a 
considerable amount of data corresponding to the mentioned 
properties of a hectare are missing due to data unavailability, 
and the values given under a property of a hectare can deviate 
from the actual number in certain cases due to data protection 
reasons.

Second, Global Human Settlement Layer (GHSL) defines 
built-up surface as the gross surface bounded by a building 
wall perimeter, i.e. the building footprint. The GHSL dataset 
GHS BUILT-S, is a spatial raster depicting and forecasting the 
distribution of built-up surfaces between 1975 and 2030 in 
5-year intervals according to the functional use (residential or 
non-residential) [3]. Furthermore, they also classify the built-
up residential and non-residential surfaces by building height 
in the dataset GHS BUILT-C [4]. This dataset is a spatial raster 
depicting the grid cells of 100 m² by functional use and building 
height classifications of below 3 m, 3–6 m, 6–15 m, 15–30 m 
and above 30 m. Moreover, GHSL applies a degree of urbani-
zation methodology to population and built-up surface data to 
come up with the GHS-SMOD dataset that covers and projects 
the years between 1975 and 2030 [5]. It defines seven settlement 
types: urban center, dense urban cluster, semi-dense urban clus-
ter, suburban or per-urban, rural cluster, low density rural and 
very low density rural; and classifies 1 km² grid cells according 
to the settlement types. Datasets of such high spatial resolution 
can provide the flexibility to capture and integrate various envi-
ronmental (such as different emission constraints per settlement 
type) and infrastructural (such as availability of DH grid, gas 
and/or electricity distribution grid, etc.) details.

Third, in annual or bi-annual reports on the building sector, 
the German Energy Agency (dena) publishes many details 
about the building stock of Germany based on a combination 
of statistics and own calculations. Total number of buildings 
according to building type and construction period for both 
residential and non-residential building stock [6], as well as 
building type and construction period details on the average 
dwelling size and the number of dwellings in residential 
buildings [7] are given in these reports. 

Furthermore, based on the Census survey and the data col-
lected on their own, the Institute for Housing and Environment 
(IWU) also gives many insights into the residential and non-
residential building stock of Germany. The residential building 
typology study shows the distribution of residential buildings, 
dwellings and floor area to different construction periods with-
in the defined building types. This study also includes findings 
from the TABULA project, where building typologies (defined 

according to building type and construction period) are as-
signed with detailed technical parameters such as U-values 
and surface area of building components, surface area of win-
dows by orientation, etc. [8]. These findings from the TABULA 
project are later evaluated for averages according to different 
properties and dependencies among the parameters [9]. IWU’s 
data collection study on residential buildings contains informa-
tion on the renovation rates of building components and heat-
ing systems; while, also containing information on the region 
(three major parts of Germany) and construction period (three 
major construction periods) of buildings, as well as the heating 
system and technologies [10]. IWU conducted a data collection 
study for non-residential buildings as well, which estimated the 
total number of non-residential buildings in Germany and the 
heating systems in these buildings according to defined build-
ing types and construction periods [11]. The non-residential 
building dataset (dataNWG) also provides the average floor 
area and the average surface areas of building components ac-
cording to building type and construction period. In the dena 
report of 2023, the distribution of five types of non-residential 
buildings (out of the eleven types in dataNWG) are given ac-
cording to finer construction periods than those published 
with the dataNWG dataset of IWU [1].

These open data sources above provide a solid foundation for 
developing a building stock model. However, scattered across 
different platforms, they capture different aspects of the build-
ing stock in different formats, structures, and geographic reso-
lutions. Besides, they are sometimes incomplete due to reasons 
of unavailability, privacy etc. This versatility also carries the risk 
of some data being inconsistent with each other. 

In this paper, we attempt to make use of the data from the 
available open sources in a consistent, understandable, repro-
ducible and holistic manner, where we fill the data gaps by rea-
sonable assumptions, as introduced in the Methodology section. 
We aim that in this way, the building stock can be realistically 
represented by a model, and its future development and energy 
demand can be transparently simulated. In the Results section, 
the building stock model is viewed and validated in terms of 
number of buildings, floor area, total final energy consumption 
for heating, energetic performance of buildings, as well as aver-
age specific final energy consumption for heating per building 
type. Finally, we discuss the advantages and shortcomings of the 
study together with an outlook on how the model can be im-
proved and developed further in the Discussion and Conclusion 
sections.

Methodology
The representative building stock model for Germany is gener-
ated with a bottom-up approach. 

First, the whole German building stock is classified accord-
ing to four id’s: region, sector, subsector, and type. Each com-
bination of these four id’s refers to a segment of the whole 
building stock. In total, we have 19,649 building segments in 
the model. 

•	 ‘id_region’ incl. 401 NUTS 3 regions in Germany [12].

•	 ‘id_sector’ incl. residential and non-residential sectors.
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•	 ‘id_subsector’ , incl. residential and the sectors A-S accord-
ing to NACE, rev. 2 [13], 17 in total.

•	 ‘id_building_type’ incl. 5 residential building types accord-
ing to total number of dwellings in the building, and non-
residential building types such as office buildings, education 
buildings, etc., 16 in total.

Secondly, for each building segment, we estimate the number 
of buildings (Nreal). Then, for representativeness, each segment 
is modelled by Nmodel “representative buildings” (RBs), where 
Nmodel = 0.1 × Nreal. Based on the first four id’s, each RB is further 
assigned with heterogeneous properties below. As a result, by 
aggregating the data (e.g., energy demand) of all the RBs, we 
can calculate the results at different levels.

•	 ‘id_building_construction_period’ from “before 1900” to “af-
ter 2011” at intervals of ten years.

•	 ‘id_building_location’ according to seven settlement types 
[5].

•	 Building size, e.g., height, number of floors, floor area, and 
window area.

•	 Building efficiency, i.e., U-values of the four main building 
components.

•	 Type of heating system and technologies.

Table 1 provides an overview of the data sources we used in 
this study to develop the model for both residential and non-
residential sectors. The detailed methodologies are introduced 
in the following sections. 

BUILDING NUMBER
The numbers of buildings are estimated for all building seg-
ments based on the sources and procedures for residential and 
non-residential sectors as introduced below.

Residential Buildings
We take the number of residential buildings from Census 2011 
according to their classification [2]. According to the number 
of dwellings found in the building, we define the building types 
of 1 to 5 (see Table 2). The growth of the stock in each NUTS 3 
region from 2010 until 2020 is projected using the growth rate 
of built-up residential surfaces between 2010 and 2020 from the 
GHSL [3]. Prior to the projection, we aggregate the built-up res-
idential surface area found in the GHS BUILT-S dataset at 100 m 
resolution to NUTS 3 level for geographic compatibility. Since 
the growth rates are originally for built-up surface area instead 
of number of buildings, we determine a calibration factor from 
the ratio of total number of buildings in Germany in 2020 per 
building type [6] and the projected total number of buildings in 
Germany in 2020 per building type. We apply the global calibra-
tion factor to the projected total number of buildings in each 
NUTS 3 region. The number of buildings in the years between 
2010 and 2020 are calculated via interpolation per building type.

To add the id_building_construction_period, we use again 
the numbers published in the latest Census survey data [2] for 
NUTS 3 regions in Germany; however, the building type dimen-
sion is missing. So, we use the proportion of buildings belong-
ing to the construction periods within the total of each building 
type as given by IWU [8]. We counteract the inconsistency of 
construction period classifications between the two sources and 
our definition by allocating the number of buildings linearly to 

Table 1. Data sources used in developing the representative building stock model for Germany.

Characteristic Residential Buildings Non-residential Buildings

Building number Census survey data at NUTS 3-level [2], projected 
by growth of built-up residential surface from GHSL 
[3] and calibrated to the numbers given in the dena 
building report of the relevant year [6]. Distribution of 
buildings to different construction periods within the 
building types from IWU [8], differentiated by three 
major regions of Germany from IWU [10].

The total number of buildings in Germany from IWU 
[11] distributed to NUTS 2 regions according to the 
number of employees per subsector [14] and further 
to NUTS 3 regions based on built-up non-residential 
area from GHSL [3]. The shares of different 
construction periods within building types from IWU 
[11] with the help of the dena reports [1,6].

Building location Spatial join of the GHSL dataset on settlement types 
according to the degree of urbanization [5] with 
Census survey data at hectare level [2].

Distribution of number of buildings to the settlement 
types by the degree of urbanization of the non-
residential built-up surface area from GHSL [3,5].

Building size For all buildings, the height of the building (number of floors) is assigned based on (1) classification of built-
up surface area per height ranges at hectare level from GHSL [4], which we spatially join with the dataset on 
settlement types from GHSL [5], and (2) average floor height. 

For residential buildings, the size of dwellings are assigned according to the building type and construction 
period based on the reports from IWU [8] and dena [7]. For non-residential buildings, the average floor area 
of the building is assigned according to the building type and construction period based on the data from IWU 
[11].

Building efficiency Average U-values of the main building components 
at the decade of construction from the results of the 
TABULA project [9]. We develop the renovation history 
of the building components based on the empirical 
data on their service life [15].

Average U-values of the main building components 
according to the building construction period from 
IWU [11]. We develop the renovation history of the 
building components based on the empirical data on 
their service life [15].

Heating system & 
technology

Census survey data at hectare level for heating 
system type [2]. Share of heating technologies within 
the building type as well as within the construction 
periods from IWU [10].

Distribution of fossil and district heating as well 
as electric heating to different building types and 
construction periods from IWU [11].
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the years within the period of the source and summing up the 
years belonging to the desired construction period. The number 
of buildings after 2010, which are not covered by either source, 
are derived by subtracting the buildings as of 2010 from the pro-
jected total number of buildings by 2020.

Non-residential Buildings
Within the ENOB:dataNWG project, IWU published the num-
ber of non-residential buildings in Germany that are in the 
scope of the GEG, according to the main function of the build-
ing and three main construction periods [11]. We define the 
types of non-residential buildings in line with the definition 
of IWU: office, administrative or official buildings (Type 6), 
buildings for research and university teaching (Type 7), health 
and care buildings (Type 8), school, day care center and other 
childcare buildings (Type 9), buildings for culture and leisure 
activity (Type  10), sports buildings (Type  11), accommo-
dation or lodging buildings, gastronomy or catering build-
ings (Type 12), production, workshop, warehouse or factory 
buildings (Type 13), commercial buildings (Type 14), techni-
cal buildings (supply and disposal) (Type 15), transportation 
buildings (Type 16). The main construction periods are build-
ings constructed: until end of 1978, between 1979 and 2010, 
and after 2010. We reallocate the buildings to the construction 
periods defined for this study linearly. We calculate the number 
of buildings of type i in subsector a (NBa,i) per NUTS 2 region 
in the following way: 

•	 First, we calculate the total floor area in subsector a (FAa), 
by multiplying (1) the number of employees (NEa) from Eu-
rostat (NUTS 2 region-specific) [14] and (2) the assumed 
average floor area demand per employee (FAEa) (m2/em-
ployee), as shown in Table 31. 

•	 Second, the total floor area in subsector a (FAa) is allocated 
to different building types. The assumptions on the share of 
floor area of building type i within the subsector a (xi,a) are 
developed based on expert assumptions [16] and simplified 
as shown in Table 4. As a result, we have the floor area per 
region per building type.

•	 Third, to calculate the number of the type i buildings in 
subsector a (NBa,i), we divide its total floor area calculated 
above by the average thermally conditioned floor area per 
building (FABi) (m2/building) given by IWU [11]. 

As a result, we have NBa,i = FAa ⋅ xi,a / FABi = NEa ⋅ FAEa ⋅ xi,a 
/ FABi. Finally, the NUTS 2 level NBa,i is allocated to its NUTS 3 
regions proportional to the built-up non-residential surface in 
each NUTS 3 region [2].

1. Note that FAEa is specific to each NUTS 1 region and year. The values are based 
on [17] and developed after an iterative process in order to calibrate the total num-
ber of buildings calculated by the explained method to the number of buildings per 
state as given by IWU [18]. 

Table 2. Structure of Census data [2] on number of residential buildings according to building type.

Region Building type

Building with 1 
dwelling (Type 1)

Building with 2 
dwellings (Type 2)

Building with 3–6 
dwellings (Type 3)

Building with 7–12 
dwellings (Type 4)

Building with 13+ 
dwellings (Type 5)

… … … … … …

Table 3. Assumption on the average specific floor area of a subsector (m²/employee) between 2015 and 2020.

FAEa Subsectors according to NACE Rev. 2

G I H, J K Q P O A,B,C,D,E,F,L,M,N,R,S

N
U

TS
 1

 re
gi

on

DE1 103 113 24 28 40 122 61 61

DE2 110 120 25 30 43 130 65 65

DE3 40 43 9 11 15 47 23 23

DE4 129 140 29 35 50 152 76 76

DE5 17 18 6 8 7 20 10 10

DE6 55 60 13 15 22 65 33 33

DE7 89 97 20 24 35 105 53 53

DE8 133 145 30 36 52 157 79 79

DE9 156 170 36 43 61 185 92 92

DEA 122 133 28 33 48 144 72 72

DEB 103 113 24 28 40 122 61 61

DEC 146 160 33 40 57 173 86 86

DED 114 125 26 31 45 135 68 68

DEE 112 122 26 31 44 133 66 66

DEF 98 107 22 27 38 116 58 58

DEG 107 116 24 29 42 126 63 63
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BUILDING LOCATION ACCORDING TO SETTLEMENT TYPE
We adopt the classification of settlement types in GHS-SMOD 
dataset of the GHSL and assign the settlement type that the RB 
is found in as the id_building_location of the RB [9].

Residential Buildings
The Census survey data on the number of buildings per build-
ing type (see Table 2) at hectare level is spatially joined with 
the map of settlement types at 1 km resolution from the GHSL 
data [2,5]. The resulting dataset is aggregated at NUTS 3 level 
and gives the total number of buildings per building type and 
settlement type in each NUTS 3 region of Germany. Figure 1 
summarizes the dataset at the national level.

Non-residential Buildings
The built-up non-residential surface area from the GHS BUILT-
S dataset is spatially joined with the GHS-SMOD dataset of the 
settlement types and aggregated at NUTS 3 level [3,5]. There is 
no distribution key for assigning the non-residential building 
types differently to the settlement types; therefore, all non-res-
idential building types (Type 6–16) in the same NUTS 3 region 
have the same distribution to the settlement types, as shown 
in Table 5. 

BUILDING SIZE
The size of an RB is characterized mainly by: (1) height, i.e. 
number of floors, and (2) total floor area. 

Table 4. Assumption on the shares of non-residential building types within the total buildings of a subsector.

xi,a Building type

6 7 8 9 10 11 12 13 14 15 16 Total

Su
bs

ec
to

rs
 a

cc
or

di
ng

 to
 N

A
C

E 
R

ev
. 2

A 0.15 0.85 1.0

B,C,D,E 0.98 0.02 1.0

F 0.98 0.02 1.0

G 0.1 0.05 0.85 1.0

H 0.2 0.47 0.18 0.15 1.0

I 1.0 1.0

J 0.38 0.3 0.2 0.12 1.0

K 1.0 1.0

L 1.0 1.0

M 0.89 0.1 0.01 1.0

N 0.6 0.25 0.15 1.0

O 0.7 0.16 0.14 1.0

P 0.1 0.8 0.05 0.05 1.0

Q 0.9 0.025 0.05 0.025 1.0

R 0.5 0.5 1.0

S 0.51 0.17 0.25 0.07 1.0

Figure 1. Distribution of German residential buildings to different settlement types.
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Building Height
Using the building height classifications of the GHS-BUILT-C 
dataset as our id_building_height, we spatially join the GHS-
BUILT-C with the GHS-SMOD data [5]. The resulting dataset is 
aggregated at NUTS 3 level and it gives the built-up surface area 
in a region by sector, settlement type and height interval. We 
also convert the boundaries of the height intervals to number of 
floors by taking the average floor height of 3 m. We, then, ran-
domly assign the number of floors of the RB (nfloor) by uniform 
distribution within the range of the id_building_height.

Floor Area in Residential Buildings
The total floor area of a residential RB, FARB, is derived from:

•	 the number of dwellings in the building (NDRB) which is 
randomly assigned by uniform distribution within the range 
of dwellings defined by id_building_type,

•	 the average dwelling area (	 ) according to the building 
type (i) of the RB and the construction period (c) of the RB 
based on the reports from IWU and dena [7, 8].

As a result, we have FARB = NDRB ⋅ 	 . Moreover, the area of 
one floor (FAfloor) is calculated by FAfloor = FARB / nfloor, where we 
assume each floor has the same floor area.

Other geometric properties of the RB are derived based on 
the calculated floor areas. From the TABULA building typol-
ogy database, we calculate ratios of the wall, window, roof and 
basement surface area to the total floor area or area of one floor, 
differentiated at building type, height and construction period 
[9]. Using these ratios, we calculate the total exterior wall and 
window surface area based on the FARB, and the total roof and 
basement surface area based on the FAfloor. Other relevant infor-
mation like the window surface areas per orientation are also 
calculated in a similar way.

Floor Area in Non-residential Buildings
Non-residential buildings are assumed to have one unit, mean-
ing the unit area is equal to the total building area. The aver-
age thermally conditioned floor areas from IWU according to 
building type and construction period are used here as input 
[11]. Similar to the method described for residential buildings, 
we divide the total floor area by the number of floors to get the 
area of one floor. 

The IWU non-residential building typology database also 
gives information on the total surface areas of exterior wall, 
window, roof and basement per building type and construc-

tion period [11]. We calculate and use the ratio of these com-
ponent areas to the total building area as input to assign the 
non-residential RBs with the relevant area information. Share 
of window areas per orientation are derived from the residen-
tial buildings, as there is no information on the window area 
per orientation from the original source.

EFFICIENCY/ENERGY PERFORMANCE OF THE BUILDING
Energy performance or efficiency of a building is characterized 
by its specific heating demand, i.e., the intensity of space heat-
ing demand (kWh/m2a). We define id_building_efficiency_class 
from 1 to 9 and match specific energy demand intervals from 
0–250+ kWh/m² to the efficiency classes, accordingly. 

Thermal transmittance (U-value) of the main building com-
ponents (wall, window, roof and basement) play a significant 
role in the final space heating demand of a building. We use 
the average U-values of the building components by decade of 
construction from the evaluation of the TABULA project [9] 
and define a range of U-values that is available in the market in 
that decade for residential building construction or renovation. 
Similarly, we use the average U-values of the building compo-
nents by construction period from the dataNWG by IWU for 
non-residential buildings [11]. As a result, we create input data 
on the average U-values of building components available in 
the market spanning from 1900 to 2019 per building type as 
well as according to new building construction or building 
renovation. Here, the aim is that new buildings have insulation 
standards or criteria and therefore, components used for new 
construction may differ from the components chosen for build-
ing renovation in terms of thermal transmittance.

We create the renovation history of the RB by assigning each 
building component with a technical lifetime (see Table  6) 
based on empirical data on service life probability [15] and trig-
gering renovation of the component at the end of lifetime. We 
apply an exogenous probability that a component is not reno-
vated even though the component reaches end of lifetime in 
order to represent a more realistic renovation behavior.

The space heating and cooling demand are estimated based 
on the simple hourly method of ISO 13790 [19]. Following the 
method with a minimum internal set temperature of 20  °C 
and assuming full occupancy, we obtain the space heating de-
mand and can determine id_building_efficiency_class of the RB. 
Based on this, we determine and assign customized internal 
set temperatures per building type and efficiency class in order 
to take into account partial heating that is especially seen in 
poorly insulated buildings [20,21].

Table 5. Distribution of German non-residential buildings to different location types.

Urban 
center

Dense urban 
cluster

Semi-dense 
urban cluster

Suburban or 
per-urban

Rural 
cluster

Low density 
rural

Very low  
density rural

Building type 6–16 26 % 10 % 3 % 16 % 5 % 22 % 18 %

Table 6. Weighted average lifetime of four building components.

Exterior wall Window Roof Basement

Lifetime (year) 51 25 39 74

• 𝐹𝐹𝐹𝐹####!,# 

• 𝐹𝐹𝐹𝐹####!,# 
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Finally, for each dwelling in the residential building, we assign 
a household drawn from a synthetic population. The house-
holds are configured with hot water demand and building oc-
cupancy profiles, in hourly resolution. The profiles are calcu-
lated based on the FLEX-Behavior model [22].

To each of the single unit in a non-residential building, we also 
assign a unit user (company) with hot water demand profiles 
developed based on generic profiles from the HOTMAPS pro-
ject2. The values are calibrated to the national consumption. 
After the customization of internal set temperatures and oc-
cupancy behavior, heating system efficiencies etc. are taken into 
account and the final energy consumption of the RB for space 
heating and hot water is calculated. This is later used to analyze 
the energy performance of the building stock.

HEATING SYSTEM & TECHNOLOGY
We develop the information on heating of a RB in three steps. 

•	 First, an id_heating_system is assigned which determines 
whether the building has district heating (DH), central (or 
block) heating, individual unit heating, or single room heat-
ing. 

•	 Second, from a list of possible heating technologies associ-
ated with the type of heating system, an id_heating_technol-
ogy is assigned, which further decides the energy carrier or 
conversion process. 

•	 Third, a building is probable to be assigned a secondary heat-
ing technology, which assists the main heating technology by 
providing a certain part of the demand. So far, we define two 
possible secondary heating technologies: solar thermal and 
direct electric heating.

The aim of this approach is to capture the infrastructure infor-
mation such as DH at the heating system level.

Residential Buildings
The Census survey data gives the count of heating systems by 
type in each hectare [2]. We spatially join the GHS-SMOD data 
[5] with the Census data, and aggregate the count of heating 
systems per location type within each NUTS 3 region to estab-
lish our input dataset on the heating systems.

The data on heating technology shares of buildings accord-
ing to building type (xHT,i) and separately according to con-
struction period (xHT,c) are available from IWU [10]. We obtain 
the fraction of heating technologies according to building type 
and construction period (fHT,i,c) by the operation below.

	 (1)

Note that the sum of the fractions do not add up to 1. The heat-
ing technology share is calculated by fHT,i,c / ΣfHT,i,c. We assume 
each NUTS 3 region allocates their heating systems to heating 
technologies by the calculated national fractions.

Solar thermal and direct electric heating are possible second-
ary heating technologies. A secondary heating technology does 
not provide heat to the building on its own, but assists the main 

2. Ali Aydemir and David Schilling, in Hotmaps Wiki, CM Heat load profiles (Sep-
tember 2020). www.hotmaps-project.eu 

heating technology by providing a certain share of the demand. 
Secondary heating technologies are separately assigned to the 
RB. Here, the share of residential buildings that have solar ther-
mal are given according to two main building types and three 
main construction periods by IWU [10]. We assume that the 
buildings that have direct electric individual unit heating [10] 
all have this technology as the secondary heating technology. 
RBs are assigned a secondary heating technology randomly, 
where the probability is in line with the calculated shares.

Each heating technology comes with its associated energy 
carrier and energy conversion efficiency specific to the energy 
carrier. Using the conversion efficiency and the contribution of 
main and secondary heating technologies to the heat demand, 
we calculate the final energy demand.

Non-residential Buildings
The data on heating of non-residential buildings is less specific 
than the residential buildings. The data from IWU provides the 
number of heating systems according to system type of fossil 
heating (including DH) or electric heating, building type and 
construction period at national level [11]. We apply the share 
of non-electricity energy carriers in the final energy consump-
tion for space heating [23] to the count of fossil heating systems 
[11]. The result is the non-electric heating technology shares 
per building type and construction period. The electric heat-
ing systems are split into heat pump and direct electric heat-
ing technologies using the share of ambient heat in the final 
energy consumption [24]. The national distribution applies for 
all NUTS 3 regions.

As opposed to the residential buildings, there is no empirical 
data on non-residential heating system distribution per NUTS 3 
region and settlement type. For this reason, we firstly assume that 
only DH or central (or block) heating is possible for non-residen-
tial buildings as heating system type. Within the central heating 
systems, the split into possible heating technologies are assumed 
to be parallel to the energy carrier consumption [24]. We assume 
each NUTS 3 region allocates their heating systems to heating 
technologies by the calculated national fractions. Moreover, we 
assume that the DH infrastructure could be shared with resi-
dential buildings. Therefore, we take the DH and central heating 
system distribution per NUTS 3 region and settlement type from 
residential buildings and apply to non-residential buildings.

Results
The building stock model contains approximately 450,000 RBs 
in total for Germany. In this section, the results from the build-
ing stock model in 2019 that can be validated with published 
data are shown. There are different indicators for residential 
and non-residential buildings, as the choice of indicators is also 
strongly bound by the available data. The results and their vali-
dation are only at national level within the scope of this paper.

RESIDENTIAL BUILDINGS
The following paragraphs show the results from the building 
stock model with regards to the total floor area and the total 
number of buildings and dwellings, as well as specific energy 
consumption and final energy consumption in residential build-
ings. The calculated values are compared to available statistics or 
statistical projections.
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Total Floor Area 
The total floor area (million m²) from the building stock mod-
el is comparatively shown with the projection for 2019 from 
Destatis as reference [25] (see Table 7).

Total Number of Buildings
The total number of buildings by three building types from 
the building stock model and the reference projection for 2019 
from Destatis [25] are shown in Table 8.

Total Number of Dwellings
The total number of dwellings from the building stock model 
and the reference projection for 2019 from Destatis [25] are 
shown in Table 9. We can compare only the total as there is no 
differentiation by type of building in the reference source.

Energy Performance of Buildings
The categorization of buildings according to specific energy 
consumption for space heating and hot water (kWh/m²) dem-
onstrates the energy performance of the building stock. In the 
methodology section, the creation of the renovation history of 
RBs was explained. In Table 10, the renovation rates of building 

components for the German (DE) residential building stock 
between 2010–2015 are shown as published by IWU [10]. 
The corresponding total renovation rate, calculated based on 
component-specific renovation rates and component weights 
as given in the IWU report, is 1.38 %. The renovation rates of 
building components in the building stock model are calcu-
lated with the same definition and compared in Table 10. The 
corresponding total renovation rate is 0.97 % from the model.

The IWU data collection study also includes a special sec-
tion on the German state of Hesse and the renovation rates 
are reported also specific to this state in this section [10]. Even 
though we have not been able to provide the regional details of 
the building stock model due to lack of data available for vali-
dation as well as the limited scope of this paper, we provide the 
Hesse-specific renovation rates of building components for a 
brief comparison in Table 10. The corresponding total renova-
tion rates are 1.39 % and 1.02 % from IWU and from the model, 
respectively.

Figure 2 shows the distribution of modelled (generated) build-
ings to specific energy consumption (for heating) intervals, side 
by side with reference statistics from Figure 45 of dena 2016 
Building Report [7].

Table 7. Total floor area of residential buildings (million m²).

Type 1 & 2 Type 3 Type 4 Type 5 Total

Building Stock Model 2,306.3 707.2 549.0 316.7 3,879.2

Reference projection 2019 2,305.9 715.2 558.9 328.3 3,908.3

Difference (model – reference value) 0.34 -8.04 -9.85 -11.56 -29.10

Relative difference (difference/statistical 
value)

0.01 % -1.1 % -1.8 % -3.5 % -0.7 %

Table 8. Total number of residential buildings (thousand buildings).

Type 1 Type 2 Type 3-5 Total

Building Stock Model 12,800.0 3,177.6 3,264.0 19,241.6

Reference projection 2019 [25] 12,786.5 3,141.0 3,233.4 19,161.0

Difference (model – reference value) 13.5 36.6 30.5 80.6

Relative difference (difference/reference value) 0.1 % 1.2 % 0.9 % 0.4 %

Table 9. Total number of dwellings (thousand dwellings).

Building Stock Model Reference projection 
2019

Difference (model – 
reference)

Relative difference 
(difference/reference)

Total 41,495.8 42,512.8 -1,017.0 -2.4 %

Table 10. Renovation rate of building components between 2010–2015.

Wall Window Roof Basement

DE Hesse DE Hesse DE Hesse DE Hesse

Building Stock 
Model

0.90 % 0.96 % 1.74 % 1.73 % 1.22 % 1.30 % 0.47 % 0.52 %

Reference [10] 1.16 ± 
0.09 %

1.09 ± 
0.08 %

3.45 ± 
0.13 %

3.49 ± 
0.15 %

1.77 ± 
0.10 %

1.82 ± 
0.12 %

0.49 ± 
0.05 %

0.55 ± 
0.12 %
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Final Energy Consumption
Final energy consumption of the modelled (generated) residen-
tial building stock is compared to reference statistics of 2019 
from the Federal Ministry of Economic Affairs and Climate Ac-
tion (BMWK) on Figure 4 [26].

NON-RESIDENTIAL BUILDINGS

Final Energy Consumption
Final energy consumption of the modelled (generated) non-
residential building stock is compared to reference statistics of 
2019 from the energy balances of AGEB [23]4 on Figure 5.

4. The energy carriers biogas, ambient heat and solar energy are not separately 
reported. The total consumption of these carriers are taken from Eurostat [24] and 
written under space heating in Figure 5.

Average Specific Energy Consumption
We also compare the average specific final energy consump-
tion for heating from the model by building type and con-
struction periods to the reference values given in Figure 44 
of the dena report [7] (see Figure 33). The values in the report 
reflect the building useful floor area, AN, which equals on 
average 1.2 to 1.35 times the living area (AWFL). For com-
parability, we adopt the factor of 1.2 between AN and AWFL 
when calculating the value from our building stock model. 
The report does not include averages of the newest construc-
tion period (after 2009). 

3. The building types are shown in their German abbreviations, as given in the ref-
erence report [7]. The five types correspond to the building types 1–5 that is shown 
in Table 2, in the given order.

Figure 2. Distribution of buildings to specific energy consumption intervals: building stock model vs. reference.

Figure 3. Average specific final energy consumption for heating of the building stock model.
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the reference. Keeping in mind that the reference values are also 
statistical projections based on the latest available Census survey 
of 2011, the residential building stock model is successful in rep-
resenting the number of buildings and dwellings as well as the 
total floor area in 2019. In general, the number of modelled non-
residential buildings are in line with the references from IWU, 
with at most 3.5 % relative difference. However, the data from 
IWU is already used in developing the non-residential building 
stock in the model. Due to lack of statistical data from different 
sources, a healthier validation cannot be done at the moment.

Discussion
As shown in the Results section, the overall quality of the build-
ing stock model can be assessed from the three perspectives 
introduced below.

First, regarding the number of buildings and floor area. The 
building stock model at national level is comparable to the ref-
erence values from statistics. The total residential floor area is 
0.7 % below the reference, with building types 3–5 being 1.1 to 
3.5 % below the reference areas. The total number of dwellings 
is 2.4 % below and the total number of buildings is 0.4 % above 

Figure 4. Final energy consumption of the modelled residential building stock and reference statistics.

Figure 5. Final energy consumption of the modelled non-residential building stock and reference statistics.



8. PRODUCTS, SYSTEMS AND TECHNOLOGIES …

	 ECEEE SUMMER STUDY PROCEEDINGS  1117     

8-299-24 ALIBAŞ, YU

which should be included in the analysis. However, some 
parameters such as those on exemplary building geometries 
from the findings of the TABULA project are not represent-
ative and do not come with statistical error ranges.

2.	 All the parameter values that are inserted for calculation 
based on assumptions or expert guesses, for example, the 
floor height of 3 m that we assume for all types of build-
ings, etc. For these parameter values, we do not have empiri-
cal information on the distribution; so, the impact of their 
uncertainty on the final results cannot be quantitatively as-
sessed. So, sensitivity analysis should be conducted for them 
if the main conclusions developed based on the model rely 
on their values.

3.	 To generate a realistic building stock for the year of 2019, we 
reproduced the renovation history for each representative 
building based on the service life logic: the building com-
ponents are first initialized with the U-values available in 
the construction year of the building, then until the base 
year 2019, they can be renovated (also for several times) if 
their lifetime was reached. The U-values are also assumed to 
be updated according to the available options in the market 
when the renovation is assumed to happen. Such logic can 
also bring uncertainty to the generated building stock.

Apart from the limitation of uncertainty analysis, the key mod-
el results should be further validated, especially with regional 
data, as the study aims to develop a regionalized building stock 
model. However, the energy demand of both residential and 
non-residential sectors are only calibrated at the national level 
so far. The validity at higher geographical resolution should be 
checked and improved. Besides, there are still deviations in the 
energy demand by energy carriers, which can be improved by 
calibrating the shares of different heating system and technolo-
gies. To provide insights on infrastructure development, the 
data on district heating and gas grid also needs to be incorpo-
rated. Finally, the modeling and calibration of the behavioral 
aspects, for example, the demand pattern of unit users in the 
building (i.e., households and companies) can be improved, 
for example by adopting relevant user profiles from the DIN V 
18599 norm for non-residential buildings. The information on 
the ownership of the building can also be added, which can be 
useful when developing scenarios of building renovation and 
technology diffusion pathways.

Conclusion
This study contributes to the relevant research by developing 
a regionalized building stock model for Germany, covering 16 
building types in both residential and non-residential sectors, 
which can serve as a foundation for scenario-based analyses of 
transition pathways. Different data sources are harmonized in 
a consistent manner, covering multiple aspects of the building 
stock, including number of buildings, location by settlement 
type and NUTS 3 region, size, and efficiency level, as well as 
the shares of different heating systems and technologies. The 
key model results are compared with statistics or data from dif-
ferent sources. The final energy consumption for space heating 
and hot water are also calculated and compared with energy 
balances. 

Second, regarding the energy performance of buildings, the 
distribution of the residential buildings to specific energy con-
sumption intervals for heating is mostly in line with those pub-
lished by dena [7]. The share of buildings in the intervals are 
at most 6 % above or below the corresponding reference. In 
general, the building stock model has more buildings accumu-
lated in the mid-intervals (between 75–200 kWh/m²), while the 
reference has a more spread distribution. The model is missing 
buildings in first two intervals (up to 50 kWh/m²), which shows 
that the RBs belonging to the newest construction period are 
not assigned with building components as efficient as in reality. 
Similarly, there are less RBs in the worst performance inter-
vals (250+ kWh/m²) than the reference. Considering that the 
renovation rates of the modelled building stock are below the 
rates that were published by the data collection study of IWU 
[10], we conclude that there is improvement potential for rep-
resenting the efficiency of the building stock better. Besides, 
we also see that the difference between average specific energy 
consumption for heating in the modelled residential buildings 
and the statistics vary across construction periods and building 
types. Overall, the averages are below the statistics for the first 
four building types, while the average of building type 5 is 7 % 
above the statistical value. Meanwhile, averages of all building 
types in the earliest and latest construction periods are above 
the statistical reference, and the averages in the construction 
periods from 1919 to 2000 have the relative difference stretch-
ing from below 20 % to above 20 % of the reference average. 
The relative differences of buildings per each energy consump-
tion interval are lower than the differences seen in the average 
specific energy consumption comparison. This suggests that 
the total floor area of building types per construction period 
needs to be validated and its calibration should be improved.

Third, the final energy demand for space heating and hot 
water in the modelled residential buildings is in line with 2019 
statistics. There is only 2.5 % difference in total, majorly due to 
the 10 % difference in the calculated hot water demand. The 
unit user assignment and hot water profiles can be separately 
validated to improve this comparison. The final energy con-
sumption for space heating and hot water in the modelled non-
residential buildings is 2.1 % above the 2019 statistics. Since 
there is not many data sources on non-residential buildings, it 
is difficult to validate the non-residential stock model. Valida-
tion of the energy consumption at subsector level could make 
the reasons of this difference clearer. 

Finally, the model is also subject to a number of limitations. 
The major one is the uncertainty of the parameters used to gen-
erate the building stock model. As we mostly do not work with 
survey data, but make use of the estimated data from different 
sources, we cannot conduct a meaningful quantitative analysis 
on the uncertainty. Qualitatively, the uncertainty can raise from 
the following aspects:

1.	 All the parameter values that we cite from existing studies, 
for example, the U-values of residential building compo-
nents, the average floor area of dwellings for specific build-
ing types and construction periods, the ratio between area 
of the building components and floor area, the number and 
floor area of different non-residential buildings, etc. The 
values of some of these parameters come with error ranges, 
such as those developed by IWU based on the survey data, 
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An extension of this work is to develop an agent-based build-
ing stock model for Germany. The representative buildings 
generated in this model are “building agents” and assigned with 
relevant properties and behaviors. Their decisions on building 
renovation and technology replacement are simulated and ag-
gregated to different levels to show the decarbonization path-
ways of the building sector under different technology and 
policy scenarios. 
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