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ABSTRACT

In addition to the design of reduced order building
models, parameterization of these models is a crucial
factor for wusing dynamic thermal building
simulations on urban scale. One approach to simplify
data acquisition and model parametrization is the use
of statistical data about building archetypes to enrich
given individual information. The presented
workflow with the software tool TEASER utilizes
this approach and generates reduced order building
models. This paper adds eleven residential archetype
buildings to TEASER, derived from urban fabric
types. A use case shows the abilities of TEASER’s
approach regarding rapid use case generation.

INTRODUCTION

Assessing thermal energy demand on urban scale
using urban energy modelling (UEM) tools is being
in the focus for some years already and still sees
substantial development (Erhorn-Kluttig and Ehrhorn
2013; Robinson et al. 2009; Reinhart et al. 2013;
Giovanni et al.; Nouvel et al. 2015). The motivation
for urban scale investigations are the vast energy
efficiency potentials that only become visible on that
scale, e.g. integrating combined heat and power
plants (CHP) or balancing fluctuating renewable
energies. In addition, this scale offers the possibility
to economically compare efficiency measures, e.g.
retrofitting different parts of a building stock. Most
of these measures require analysing the system’s
dynamics as they strongly depend on dynamic effects
like energy storage or energy balancing.

However, such investigations can be time-consuming
and UEM tools need to find a good trade-off between
accuracy and effort, especially regarding modelling
of building stock. Considering details of minor
importance in the process of data acquisition, model
generation and dynamic simulation provides little
further benefits while adding a lot of effort and
essentially slowing down the process. To make it
even more complex, the feasible level of detail
depends on the chosen scale (e.g. number of
investigated buildings). While it is still possible to
acquire geometric details (e.g. annexes) for a low
number of buildings, the benefits do not justify the
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effort for a high number of buildings. For that, one
might rely on simple cadastre information with
sparse information density.

Contributing to these challenges, we developed
TEASER, an UEM tool for fast assessment of energy
efficiency potentials of building stocks. TEASER can
also be used for heat demand predictions of buildings
in the context of energy distribution grids and
integral control strategies of heat conversion systems.
We tackle the challenge of feasible data acquisition
by integrating statistical information of German
building stock archetypes to enrich acquired basic
data. With this design-driven parameterization, we
try to keep TEASER open to all scales and allow
incorporating further detailed information if
available. The dynamic simulation core model is a
reduced order model (ROM) based on thermal
networks of resistances and capacitances. The ROM
is implemented in the modelling language Modelica
and part of our open source model library AixLib
(www.github.com/RWTH-EBC/AixLib). TEASER is
developed in the programming language Python and
is freely available as open source at
www.github.com/RWTH-EBC/TEASER. We choose
Modelica and Python as both support object-oriented
approaches, allow reusing various existing packages
and model libraries and are popular in the open-
source community

Up to now, TEASER can handle single-family
dwellings, offices and research buildings. The
integration of further building types requires
additional statistical information for the desired
types. Within the German project UrbanReNet
(UrbanReNet), a research group defined urban fabric
types (in German “Energetische Stadtraumtypen”,
EST), to describe the properties and potentials of
various typical urban areas, e.g. residential areas
(Table 1), open spaces, streets, water areas and
special buildings (Hegger and Dettmar 2014). The
types are meant for first evaluations of energy
efficiency potentials and provide some basic
information about the building types.



E-01-1

Table 1: Overview of ESTs for residential areas

NAME DESCRIPTION
EST la Detached single-family dwellings
EST 1b Detached twin houses
EST 2 Terraced single-family dwellings
EST 3 Terraced multi-family dwellings
EST 4a Detached large-scale buildings
EST 4b Semi-detached large-scale buildings
EST 5 Perimeter block development
EST 6 Village dwellings
EST 7 Historic district buildings
EST 8a Town dwellings (Small towns)
EST 8b Town dwellings (Medium-sized towns)

In this paper, we use these EST to define new
archetypes for multi-family dwelling of different
kind in TEASER. The first chapter introduces the
methodology of scalable parameterization using
archetypes. The second chapter explains the structure
and functionality of our reduced order models.
Afterwards, we define the new EST archetypes based
on the previously presented methodologies and show
their abilities on a short use case. This use case
compares energy saving potentials for different EST

types.

SCALABLE DESIGN-DRIVEN
PARAMETERIZATION

As mentioned above, data acquisition on district
scale can be time-consuming and often leads to
sparse information densities. Consequently, UEM
tools should account for this and should not rely on a
full-scale data set for dynamic building performance
simulations (BPS). They rather should rely on easily
accessible information and incorporate methods to
enrich acquired data. This approach allows
generating full-scale data sets that can be used for
model parameterization and generation.

Methods for model parameterization can be grouped
into data-driven and design-driven approaches. Data-
driven approaches use measurement data of various
kinds to determine model parameter (Harb et al.
2014). The more detailed the chosen building models
are, the more measurement data is necessary for a
successful and accurate parameterization. Design-
driven approaches on the other hand use design data
as a backbone for the parameterization, e.g. floor
plans and wall constructions. They have the
advantage that statistical information of a building
stock by means of archetypes can be used to enrich
the acquired data set. TEASER currently uses a pure
design-driven approach, but it would be possible to
further enhance TEASER by adding data-driven or
hybrid approaches as well.

To which extend the enrichment with statistical data
is necessary and sufficient strongly depends on the
scale and level-of-detail of the use case. Analysing a
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small group of buildings allows incorporating details
as exact floor plans and may aim at developing
specific solutions for single buildings. Investigations
at urban scale may focus on retrofit scenarios for an
entire building stock and require less detail. We
distinguish in our process three different levels of
information density that the user may take as
guidance if appropriate:

e  Building level allows a high level of detail
and facilitates dedicated BPS software in
combination with extensive data acquisition

e  Neighbourhood scale focuses on a low
number of buildings and allows combining
basic statistical data (e.g. wall constructions
and materials) with detailed individual data
(e.g. usage zones and wall areas)

e  On district scale, data that is accessible with
justifiable effort is often sparse. However,
for typical tasks on that level, incorporating
major statistical data and refining the data
sets with individual data can be an efficient
approach.

To address all these scales, TEASER allows setting
up archetype buildings with help of basic parameters
and modifying each defined value. In this way, the
user can rely on statistical and some basic individual
data or refine the data set with all individual
information available. We designed TEASER in
three different process steps.

The data enrichment part handles simplified model
parameterization on all three mentioned levels of
information density. A Graphical User Interface
(GUI, Figure 1) helps the user to create a first
approximation of each building with the help of five
basic parameters:

e Type of building

e Year of construction
e Net floor area

e Number of stories

e Height of stories

TEASER then adds statistical data about building
materials, zoning standards, area and distribution of
wall surfaces and internal gains to define a full-scale
data set. The user can manipulate each defined value,
so the level of detail is not fixed and all available
information can be used. Alternatively, the user can
start from scratch without relying on the basic
parameter and can include statistical data afterwards.
Of course, how accurate statistical data fits to an
individual building depends on the building and to
what extend the building aligns to a statistical
relevant group. Taking a representative building for
the German building stock will likely better suit to
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statistics than trying to approximate an untypical
building that might have no relevance within the
statistics. Even more, estimating parameters for an
entire group of buildings instead of a single building
is more likely to lead to satisfying results. Especially
large building groups should have a higher
accordance to statistics and single outliers are
outweighed by the group’s average. For the existing
archetypes of offices and research buildings,
simulations of RWTH Aachen University campus
and Forschungszentrum Jiilich campus showed
sufficient accuracies compared to measurements
(Miiller, 2015). Still, accuracy highly depends on the
investigated buildings.
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Figure 1: Graphical User Interface of TEASER

The data processing part takes care of parameter
calculation of the desired building model. For our
reduced order models, we mainly need to calculate
resistances and capacities. As we follow a reduced
order approach, the model considers only building
mass that can be used for heat storage. The
estimation of this mass is strongly related to effective
wall thickness and different calculations methods
exist (Verband deutscher Ingenieure 2012; Deutsches
Institut fiir Normung 2008). The data processing part
follows the data enrichment. Alternatively, due to the
modular concept of TEASER, one can also use the
data processing part independently.

The final part of model generation and simulation
benefits  from  existing Python  packages
as the template language Mako
(http://www.makotemplates.org/) and BuildingsPy
(https://github.com/Ibl-srg/BuildingsPy). They allow
fast generation and simulation of our reduced order
models as well as easy integration of model variants
or further simulation models. In this part, we
generate the actual Modelica-model .mo-files based
on Mako templates. These files contain instances of
all models necessary for the individual purpose. The
generated files with the defined Mako structure are
then populated with the beforehand -calculated
parameters. As one could use the same Mako
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structure for different simulation runs with different
parameter settings (by populating the structure with
different parameter sets), we distinguish between
data processing and model generation. Changing
parameters that influence the model structure (e.g.
excluding interior walls by setting their area to zero)
forces a different Mako template that then needs to
be populated with the suiting parameters.

REDUCED ORDER MODELS

The idea of reduced order models is to find a good
trade-off between simulation speed and model
accuracy. For that, the order of the model by means
of states is reduced so that only predominant
phenomena are considered. Depending on the model,
the order of the model can be chosen depending on
the use case. This approach aligns with the scalability
of TEASER.

Thermal network models use chains of thermal
resistances and capacitances to model dynamic
effects and are widely used for BPS in Modelica
(Coninck et al. 2014; Huber and Nytsch-Geusen
2011; Kim et al. 2014; Lauster et al. 2014b). They
support reduced order approaches as the model’s
order is determined by the number of thermal
capacitances (one state per capacitance). The number
of capacitances and thus the spatial discretization of
the model by means of wall elements and RC-
elements per wall vary from model to model.
Thermal network models generally focus on one-
dimensional  heat transfer calculations. A
geometrically correct representation of all walls of a
thermal zone is thus not mandatory. To reduce
simulation effort, it is furthermore reasonable to
aggregate walls to representative elements with
similar thermal behaviour. Which number of wall
elements is sufficient depends on the thermal
properties of the walls and their excitation (e.g.
through solar radiation), in particular on the
excitation frequencies.

The current ROM of AixLib (Lauster et al. 2014b)
aggregates all wall elements of the same type
(adiabatic interior walls serving as heat storage
exclusively and exterior walls contributing to heat
transfer to the ambient) into one representative wall
type element (Figure 2). Each element is represented
by a chain of resistances and one capacitance. The
model is based on the VDI Guideline 6007 (Verband
deutscher Ingenieure 2012), from which the methods
for aggregation and calculation of the resistance and
capacitance values are adapted. (Lauster et al. 2013a)
give more details on the differences with the also
widely used model specified in ISO 13790. With its
fast simulation times, the ROM of AixLib has been
shown to perform well for analyses of multiple
buildings in an urban context (Harb et al. 2014;
Lauster et al. 2014a; Lauster et al. 2013b; Lauster et
al. 2014b).
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Figure 2: Thermal network of reduced order model

URBAN FABRIC TYPES

As mentioned in the introduction, TEASER was
limited to single-family dwellings, offices and
research buildings originating from combinations of
different sources and own developments (see
http://pythonhosted.org/teaser/index.html for further
documentation and information). This is mainly
restricted by available archetype building
information. For each archetype, TEASER needs
information about geometric relations and typical
building materials. Depending on the desired
archetype, further information about building
equipment or exceptional boundary conditions might
be necessary. However, different projects on urban
scale are on their way to analyze energy saving
potentials. Depending on their approach, such
projects define new archetypes that can serve as basis
for new types in TEASER. As mentioned, one of
these projects, called UrbanReNet, defined urban
fabric types (EST) to describe the properties and
potentials of various typical urban areas. (Hegger and
Dettmar 2014) gives no information to what extend
the ESTs have been validated and if uncertainty
analyses have been performed. As already
mentioned, accuracy of archetype approaches always
depends on how well the investigated use case fits to
the applied statistical data. Regarding the given
specifications, we use the residential ESTs to define
new archetypes in TEASER. They are bundled in a
new package and cover in sum eleven different types,
from single-family dwellings and row houses to
historic districts and multi-story buildings (Table 1).
However, as some definitions necessary for dynamic
BPS were missing (e.g. interior wall areas), we
combined the EST definitions with data from
existing archetypes in TEASER.

The archetype building process relies on some
fundamental assumptions that allow customizing the
statistical data to individual buildings. They are
linked to the basic individual data as input for the
archetype building process.

Type of building distinguishes between different
archetype approaches for different types of building
usage or occupancy pattern (e.g. single family
dwelling, office and research building) and
influences the definition of boundary conditions as
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internal gains. The building type is also necessary to
define thermal zones (by usage). For the EST, we
only model residential buildings with one residential
zone per apartment. Static residential boundary
conditions are defined in the German Standard DIN-
V 18599 Part 10 (Deutsches Institut fiir Normung
2011). As we need time-dependent conditions for
dynamic simulations, we combine this standard with
occupancy and load profiles defined in the Swiss
Bulletin STA 2024 (Swiss Society of Engineers and
Architects 2006). To define the number of zones per
building, we need in addition the desired number of
apartments as we cannot distinguish between
different usages (as for office buildings).

Year of construction is relevant to define wall
constructions and to choose building materials. For
Germany, (Bundesministerium fiir Verkehr, Bau und
Stadtentwicklung 2009) defines wall properties
depending on the year of construction. These can be
used to derive wall constructions and to define
material properties for each layer (Deutsches Institut
fiir Normung 2000; Deutsches Institut fiir Normung
2013). This step is important to define material
properties (e.g. heat capacity) that are necessary for
dynamic simulations. For the EST, we use the same
approach as for the already existing single-family
dwelling.

The net floor area identifies the entire usable area of
a building, meaning the ground floor area times the
number of floors. The net floor area is mainly used to
define the geometric properties of the archetype
building:

(1

A = ground floor area in m?* A, = roof area in

m?; ANF = net floor area in m?, #ng = number of

stories.

The net floor area is also needed for the calculations
of window areas:

nll
A, =xW-ANF-(1—T]

AW = window area in m?; X,, = 0.2 = window-area-

2

to-net-floor-area ratio; ANF = net floor area in m?;

n, = number of adjacent buildings.

The window-area-to-net-floor-area ratio X, scales

the window area to the net floor area and is taken
from the already existing archetype for single-family
dwellings according to (Loga et al. 2005).
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A g = exterior wall area in m* X, = surface-to

volume ratio in 1/m; ANF = net floor area in m?; hs
= height of stories in m; 7, = number of adjacent
buildings.

The surface-to-volume ratio X, scales the overall

surface area to the building’s volume and is defined
separately for each EST in (Hegger and Dettmar
2014).

For the presented ESTs, X, values are given in
Table 2.

Table 2: Estimation factors for exterior walls of

presented EST types
NAME SURFACE-TO-VOLUME RATIO X EW
EST 1a,b | 0.87
EST 4b 0.28
EST 7a,b | 0.49

In the geometric calculations, we also need the
number of stories and height of stories. Adjacent
buildings Walls to adjacent buildings are considered
as interior walls (they don’t contribute to heat
transfer to the ambient), this is taken into account by
reducing the exterior wall area and window area
with:

X, :(l—n—”]
4

X, = factor for considering adjacent buildings; n, =

“)

number of adjacent buildings.
xa
between 0 and 1. Each of the four orientations can
have maximum one adjacent building, thus four is
the maximum number of adjacent buildings. The
current implementation is limited to four
orientations.

appears in Equation 2 and Equation 3 and is

The remaining calculation step concerns the interior
wall areas. They are estimated with the help of
typical depths and lengths for each usage type of
thermal zones. The necessary values for the
presented ESTs are taken again from the already
existing single-family dwelling and are based on
(Lichtmef3 2010).
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USE CASE

This use case compares different EST energy saving
potentials. It is meant as a proof of concept and the
focus is on rapid use case generation. We use a
fictive use case of three urban blocks, each of them
designed according to one EST as defined in (Hegger
and Dettmar 2014), see Table 3. To reveal the
potential of different urban types, we compared three
ESTs with different net floor areas, cubature and
typical years of construction. For all ESTs, the
buildings are considered as being in original state
without any intermediate refurbishments.

EST 1 defines small, detached residential buildings
of one to three stories as single-family or double-
family dwellings. It distinguishes between one (EST
la) and two apartment buildings (EST 1b). A block
of this urban fabric type is mixed of both types.

EST 4 covers large-scale residential buildings (multi-
story buildings). It distinguishes between detached
(EST 4a) and semi-detached (EST 4b) buildings,
only the latter exists in this use case. Typical
occurrences of such buildings are satellite towns
build in the time between 1960 and 1980.

EST 7 identifies historic district buildings, erected
before 1918. There are more multi-family than
single-family dwellings and blocks of this type are
characterized by a high housing density. They are
often marked as protected.

Table 3: Properties of ESTs for use case
(* indicates own assumptions)

EST 1a,b | EST4b | EST7
Buildings 14 4 29
Single-family to multi- | 67/33 0/100 45/55
family dwellings ratio
(per hundred buildings)
Stories 2 9 3
Net floor area 92 m? 417 m? 65 m?
Year of construction* 1960- 1960- 1900-
1980 1980 1918
Adjacent buildings* 0 2 2
Number of apartments 1/2 38 1/2
Height of stories 315m 2.6m 3.88m
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We set up one block for each EST according to Table
3 using TEASER’s archetype functionalities and the
newly implemented EST-classes. These EST-classes
will be part of the TEASER release on github.com.
For rapid use case generation, we took advantage of
TEASERs application programming interfaces
(APIs) that provide ready-to-use archetype functions
for all archetypes. We generated one set of ready-to-
run Modelica building models for each EST and used
BuildingsPy functionalities to automatically start and
handle parallel Modelica simulations, in our case in
the simulation environment Dymola. In a second
step, we retrofitted all buildings for all EST to fulfil
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U-value requirements of 2015 (by adding external
insulation layers). TEASER provides functions for
automatic retrofit. Of course, this is just a rough
estimation and serves for energy savings evaluation
in concept phases. It is not intended for detailed
planning or implementation phases. On a standard
laptop (4 cores, 2.6 GHz, 8 GB RAM, Windows 7,
Python 3.4 and Dymola 2016 FD 01), this process
without simulation takes 14 seconds. The simulations
of all buildings using three cores take 4.5 hours with
a variable time step solver and an hourly output time
step. For results analysis, we imported all results into
Python wusing the Python package ModelicaRes
(http://kdavies4.github.io/ModelicaRes/).

Table 4 gives an overview of the results for the three
investigated ESTs. While EST 1 and EST 7 start at
quite similar reference heat demands, EST 4 already
requires less heat in the reference case. This is

clearly related to X, , which is comparably small for

multi-story buildings. This adds up with the high
number of stories for EST 4, which leads to a small
ground coupled area and high intermediate floor
areas (considered as interior wall areas) according to
Equation 1. As a result, EST 4 provides a high net
floor area and small surface areas. Furthermore, EST
4 and EST 7 have adjacent buildings, which again
reduce surface area. This effect is compensated by
the age of EST 7.

Table 4: Energy demands in kWh/(m?a) per EST

EST 1a,b EST 4b EST 7
Reference Case | 220 63 210
Retrofit Case 60 22 65

To show the advantages of dynamic building
performance simulations, Figure 3 to Figure 5
present the annual duration curves of the hourly heat
load for all three EST, reference and retrofit case.
While the curves for EST 1 and EST 7 shift towards
more base load in the retrofit case, there is a constant
offset for EST 4. Such effects are important for
dimensioning energy conversion units as combined
heat and power (CHP) that rely on a high relative
share of base load compared to peak load.
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In such a case, it would make sense to focus on
retrofitting EST 1 and EST 7, keeping in mind that
retrofitting EST 7 comes with protection list
challenges.

CONCLUSION

In addition to the design of reduced order building
models, parameterization of these models is a crucial
factor for wusing dynamic thermal building
simulations on urban scale. Acquiring detailed design
data for entire city districts is a time-consuming
process and information density is often sparse on
that level. Nevertheless, accurate building
simulations rely on a full data set that describes
geometric and semantic details of a building. One
approach to fill this gap is the use of statistical data
about building archetypes to enrich given individual
information from data acquisition.

Contributing to the challenges of urban energy
modelling, we developed TEASER, a tool for fast
assessment of energy efficiency potentials of
building stocks. TEASER provides a scalable design-
driven parameterization method that relies on
archetype buildings for the German building stock.
With the help of five basic individual parameters,
TEASER chooses an appropriate archetype and
customizes this archetype to the given basic
information. We keep TEASER open to different
scales (from small buildings groups up to urban
scale) and allow refining the data set with more
detailed information if available. In this way,
arbitrary data sources are usable and the tool is not
limited to specific information density. The tool
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distinguishes between data enrichment, data
processing and model generation and serves as an
integral workflow automation tool from data source
to building simulation. TEASER is developed in the
programming language Python and is open-source
and freely available at www.github.com/RWTH-
EBC/TEASER.

TEASER is coupled with reduced order models for
building performance simulation in the modelling
language Modelica. The implemented reduced order
model is based on the German Guideline VDI 6007
Part 1 and aggregates thermally similar walls to
representative wall elements, leading to one element
for exterior walls and one element for interior walls.
The model is open source and freely available at
www.github.com/RWTH-EBC/AixLib.

The abilities of TEASER are limited to the number
of implemented archetypes. In the context of this
paper, we implemented new archetypes that evolved
from urban fabric types (EST) defined by (Hegger
and Dettmar 2014). These EST-types focus on multi-
family residential buildings and follow a different
approach than the already implemented archetypes.
As not all necessary information is given for the
EST; we combined this data with data of the already
implemented archetype of a single-family dwelling.

In a short use case, we showed the capabilities of
TEASER in rapid use case generation and compared
three ESTs, EST 1, EST 4 and EST 7 (detached
buildings, multi-story buildings and historic district
buildings) regarding their energy saving potential.
We set up a reference case of one block per EST and
automatically retrofitted them with a function of
TEASER. This process takes about four seconds,
followed by the actual dynamic building simulation
with about 4.5 hours. The results showed higher
savings potential for EST 1 and EST 7. This is
mainly related to the relative high net floor area
compared to surface area for EST 4, for what
retrofitting EST 4 has a smaller impact. As a second
result, the annual duration curves for EST 1 and EST
4 show a higher potential of peak load reduction,
what is important for dimensioning of energy
conversion units. However, the use case focused on
workflow automation and proof of concept.
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