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Abstract

Urban Building Energy Modelling (UBEM), an
analytical method to comprehensively represent
buildings on an urban scale, incorporates multiple
data formats, modelling techniques and simulation
methodologies. Though widely used, UBEM-based
formats (such as CityGML) often lack the essential
information required for energy performance
simulations.  An  archetype-based  enrichment
technique suffices for the lack of required parameters,
but their reliance on statistical data often restricts
precise enrichment for a building’s energy-specific
parameters. Therefore, this paper presents an open-
source CityGML Enrichment Tool (CityEnrich),
enabling users to manually enrich CityGML building
models and exchange enrichment data in the form of
Energy ADE. The presented paper highlights
CityEnrich’s ~ technical  implementation  and
demonstrates the tool’s applicability in UBEM.

Introduction

Urban Building Energy Modelling (UBEM)
facilitates the modelling of urban buildings for
energy-related applications. The applications include
city-wide use cases such as energy demand estimates,
retrofitting requirement identification, and energy-
saving potential recognition (Reinhart & Davila,
2016). UBEM includes virtual 3D heat and mass flow
models for predicting a building’s energy
requirements, and its incorporating methods help
urban planners develop energy-efficient urban areas.
The modelling techniques in UBEM have become a
novel strategy for supporting and enhancing
sustainable development measures within urban
buildings. For energy analysis, UBEM requires input
data such as the building’s geometry, construction &
material  information, building physics data,
occupancy profiles, weather data, and the
incorporated system descriptions (Moncef, 2018;
Ferrando et al., 2020; Chen et al., 2018; Hong et al.,
2020; Malhotra et al., 2021a).

Within UBEM, data models or formats help represent
individual buildings virtually by storing a building’s
geometry definition within standardised exchangeable
information structures. One such data format, the City
Geographical Markup Language (CityGML), is an
official Open Geospatial Consortium (OGC) standard
that allows representing city-wide buildings
collectively. In recent years, CityGML has been one
of the most prominently employed data formats in
UBEM-based energy simulations (Malhotra et al.,
2021a).

CityGML and the Energy ADE

CityGML, an open XML-based data format, enables
the representation, storage and exchange of geometric
information for buildings at an urban scale (Groger et
al., 2012). CityGML models include a building’s
semantic and topological information and allow geo-
referencing of building models in a uniform spatial
reference system (Malhotra et al., 2021b). In
CityGML, the 3D model representation incorporates
the information of a building’s geometry, footprint,
number of floors above or below ground,
construction years, roof type and surface information.
For building usages and roof types, CityGML uses
ALKIS codes that are defined within individual,
extendable and re-definable code lists (Groger et al.,
2012). Based on the amount of geometrical
information present in a model, the data format
explicitly describes individual building models in five
varying Levels of Detail (LoD). Figure 1
demonstrates the five CityGML LoDs, i.e. LoDO-
LoDA4.

LoDO LoD1

LoD2

Figure 1: CityGML Levels of Detail (LoD)0-4
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CityGML building models vary in their respective
granularities according to their LoD definitions.
Based on the intended use case, each LoD has its
advantages and  shortcomings. For  energy
simulations, CityGML LoD2 models are most
commonly used. This results mainly out of the
model’s higher availability as open-source data
(Malhotra et al., 2021b), inclusion of adequate
geometric information (Malhotra et al., 2022), and its
input and output support within many available
simulation and validation workflows (Malhotra et al.,
2021a). Although widely employed, the CityGML
model architecture (in all LoDs) does not allow an
inclusion of energy-specific information in the model
but facilitates extending it with the required
information. One way to extend the core geometric
models is by using a CityGML Application Domain
Extension (ADE). For energy-related applications,
the Energy ADE was developed first in 2015 (Nouvel
etal., 2015) and is generally employed.

The Energy ADE extends CityGML building models
and defines an adaptable structure for storing and
exchanging energy-relevant parameters, such as
construction data and building physics information.
The Energy ADE includes four functional modules,
namely  Building  Physics,  Materials  and
Constructions, Occupant Behaviour, and Energy
Systems. For modelling time series, operation
schedules (such as heating or cooling) and weather
data, the Energy ADE defines some supporting
classes in its extension architecture (Agugiaro et al.,
2018). As the Energy ADE allows extending
geometrical models with energy-related information,
it forms the base as the (extension) structure for the
CityGML Enrichment Tool (CityEnrich). Its usage
(in CityEnrich) facilitates the storage of the necessary
parameters in a well-defined structure allowing
research communities to store, exchange and simulate
enriched CityGML building models.

Energy-Specific Data Enrichment

For enriching CityGML models, it is common to use
a bottom-up UBEM-based archetype enrichment
approach or a manual enrichment approach (Ferrando
et al.,, 2020). Both approaches enable modelling
experts to assign energy-related information to the
individual building models. The archetype-based
approach relies highly on statistical data estimations
and defines a building-specific archetype by selecting
a sample building with measured or statistical
building-related data (Ballarini et al., 2014). Using a
building’s construction year and usage, the defined
archetype characterises each model and assigns the
appropriate energy-specific parameters to the model.
The archetype-based enrichment approach is highly
beneficial in case the required energy-relevant data is
unavailable. The method, however, might also inherit
simulation errors and imperfections in case of
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inaccurate statistical data. Therefore, to reduce the
errors in simulation results, it is necessary to enrich
virtual models with precise information using manual
enrichment methods. The methods help simulation
experts quantify precise energy demands and develop
energy-efficient strategies for cities and city-quarters.
Currently, only a few workflows exist to enrich
models manually. Some tools (such as FME (Safe
Software, 2020) and GML ToolBox) allow the
enrichment of energy data into geometric models;
however, the tools are either not available as open-
source or have certain licensing restrictions. If openly
available, a manually enriched geometric model
would also help store and exchange energy-relevant
parameters within research and industrial domains.
Therefore, this paper presents an open-source
CityGML Enrichment Tool, allowing modellers to
enrich CityGML LoD2 models manually and store
enrichment data in the form of Energy ADE.
CityEnrich envisions to support the UBEM
community by providing an open workflow for
manual enrichments of the CityGML models with
energy-specific information. The presented paper
highlights CityEnrich’s technical implementation and
explains the tool’s functionalities for urban energy
applications.

The remainder of this paper is structured as follows:
The Section “CityGML Enrichment Tool” highlights
CityEnrich’s  implementation and explains its
incorporated functionalities; the Section “Tool
Application and Validation” demonstrates an
application use case and highlights the simulation
results for an enriched model. It is followed by the
“Conclusion and Future Work™ section.

CityGML Enrichment Tool (CityEnrich)

As previously mentioned, CityEnrich enables users to
manually enrich CityGML building models with
energy-specific information. The tool lets users
import CityGML LoD2 models and exports the
enriched building models as a CityGML Energy ADE
dataset. The enriched model comply with the
CityGML’s version 2.0 and Energy ADE’s version
1.0. The CityEnrich tool enriches the LoD2 building
models specifically for the ‘Thermal Zones’ and
‘Construction Materials’. The tool incorporates a
user-friendly and self-explanatory GUI for users from
all domains and expertise levels. The authors
developed the GUI using the Python library PySide2
(PySide2, 2019). In addition, the tool’s modular
architecture will allow its inclusion in other
simulation workflows and tool chains. The
CityEnrich tool is updated regularly and is available
open-source under the MIT License
(https://qitlab.e3d.rwth-aachen.de/e3d-software-
tools/cityenrich). The following sections briefly
highlight CityEnrich’s functionalities in enriching the
building models for thermal zones and materials.
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Import

CityEnrich allows users to select a single CityGML
dataset or several datasets by selecting a single
folder. The tool enables the selection of individual
building models and facilitates the selection of all
models present in a dataset. In CityEnrich, the import
window highlights the LoDs of input models for a
consistent and simplified building selection.
Currently, CityEnrich considers both buildings and
building parts as single buildings and does not allow
the enrichment of building parts separately. However,
the enrichment of building parts separately is
foreseen as future work. Once the tool imports the
input CityGML data, it allows users to enter the
building’s years of construction and storeys above
ground (if missing) into the tool. After inputting the
information, users can select either the ‘Thermal
Zones Enrichment’ or the ‘Construction Enrichment’.
Figure 2 demonstrates CityEnrich’s selection window
for selecting the desired type of enrichment.

X

rd

B cityEnrich - CityGML Enrichment Tool -
N & E s R
i r &@.

CityEnrichﬁb@i\"ﬁ 0

Building parameters - 94 buildings
Current building: all (selected) buildings
Geometry parameters

Building height: Roof height:

Roof type: ¥ Roof heading:

Building function: v Year of construction:

Storeys above ground: Storeys below ground:

Enrichment Selection

Thermal Zones Construction

Select output path lod2_05334000_Stadteregion_Aachen_EPSG25832_CityGML\e3D_CityEnrich
Save as CityGML EnergyADE
Enrichment Progress

About Reset Exit Back

Figure 2: Overview of CityEnrich’s selection window
for selecting the required enrichment.

Thermal Zone Enrichment

CityEnrich uses the Energy ADE’s structure for
storing enrichment parameters. The Energy ADE
includes a thermal zone within its BuildingPhysics
module and the zone definitions are essential for
building heating and cooling demand calculations. A
thermal zone defines the smallest spatial region for
energy demand calculations and includes energy-
related attributes characterising its geometry,
conditioning status and building physics properties.
In CityGML, building models can associate with
several thermal zones. Currently, CityEnrich only

supports the energy-specific enrichment for a single
thermal zone and does not allow users to select more
than one zone in a building model. Developing a
multi-zone CityGML model enrichment is planned in
the future. Moreover, CityEnrich also allows users to
input and select parameters from its thermal zone
enrichment interface and includes the following
parameters:
e Floor area (m?): Refers to the floor area of the
selected thermal zone. Users can select gross
floor area or net floor area as the calculation
methods.
e Volume (m®): Refers to the volume of a thermal
zone. The tool allows users to select gross
volume or net volume as the calculation method.
e ‘Is heated’ or ‘Is Cooled: Is a Boolean
selection option which allows users to select if a
thermal zone is heated or is cooled.
e Usage Zone - Schedules: The tool connects the
schedules to Energy ADE’s base class ‘Abstract
Schedule’. It defines all the schedules related to
a building’s usage and includes:
e Heating, Cooling and Ventilation: The three
schedule definition types include:
= Beginning and End Date: It defines the
starting and ending date for the schedules.
The tool allows users to enter the date in a
‘YYYY-DD-MM’ format.

= Beginning and End Hour: It defines the
starting and ending hours for the schedules.
The tool allows users to enter the hour in a
‘HH:MM: SS’ format.

= Acquisition Method: It refers to the method
used to acquire the schedules. It includes
‘measured data’, ‘simulated data’, ‘data of a
calibrated simulation’, ‘estimated data’, and
‘unknown acquisition method” as the
selection options.

= Interpolation Type: A mathematical rule
defined in (SIG3D, 2017) and connects to a
separate code list. In CityEnrich, the
interpolation types that are previously
specified within the EnergyADE (such as
continuous,  discontinuous, instantaneous
Total, preceding Total, succeeding Total)
are pre-defined for user selection.

= Thematic Description: It defines a thematic
description of the selected schedules.

= Day type selection: Schedule representation
consisting of associated recurrent day types,
i.e. weekdays and weekends.

= Schedule Selection: A ‘.csv’ import

function for users to select the desired
schedule.

Unit of Measurement: The unit of

measurement for the selected schedules.

e Occupancy, Lighting and Appliances: The
three schedule types include the previously
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mentioned attributes (in heating schedules)

along with additional parameters, such as:

= Convective Fraction: The fraction of the
total power given to the environment
through convection.

» Radiative Fraction: The fraction of the
total power given to the environment
through radiation.

= Total Value: The sum of convective fraction
and radiant fraction.

= Number of Occupants: It is defined only
for the occupancy schedules and refers to
the occupant number for the considered
thermal zone.

Construction Enrichment

In CityEnrich, the enrichment of construction
material  points to the Energy ADE’s
AbstractConstruction element. It defines a set of
material layers for the corresponding building
element, i.e. the walls, roof, ground surface and
windows. For each building element, the related
construction definition physically represents an
element’s opaque part by characterizing its structure
and specifying its corresponding thermal and optical
properties (SIG3D, 2017). The CityEnrich tool
enables users to select the appropriate construction
material for every building element and the tool
incorporates over 450 pre-defined construction
materials such as concrete, hardwood plywood and
clay. The authors consider material definitions from
the open-source TEASER tool (Remmen et al.,
2017) where the material list includes attributes
(such as such as name, density, and thermal
conductivity) from the Energy ADE’s SolidMaterial
class. From the material list, CityEnrich allows users
to select the appropriate material by the material
name (such as ‘concrete’) and stores its
corresponding attributes (such as ‘heat capacity’)
into the output Energy ADE. The tool includes the
following parameters for construction enrichment:
e Outer walls, Roof and Ground: CityEnrich
allows users to enrich individual layers of a
building element and enables the addition of
supplementary layers within the tool. For
simplicity, the tool includes the following
selection options:
= Material Name: It refers to the name of the
selected material. The tool allows users to
select a similar or separate material for each
layer of a building element.

= Thickness (m): It defines the thickness of a
material layer.

= U-value (W/m?K): It is an overall heat
transfer coefficient representing the heat
flux through the construction surface at a
steady state. The CityEnrich tool calculates
the U-value for each selected material of the
corresponding layer.

e Windows: For a building, the window
definitions include the following parameters:

= Window to Wall Ratio (%): It is the
measure of the total glazed area on a
building relative to the total amount of
exterior building’s wall area.

= Transmittance Fraction: It refers to the
faction of the energy transmittance, and the
value is between ‘0’ and ‘1°.

= Glazing Ratio: It represents the ratio of the
glazing surface over the total surface of a
building. The ratio’s value lies between ‘0’
and ‘1°.

»= U-value (W/m?K): Similar to the other
building elements, the U-value of a window
represents an overall heat transfer
coefficient through a construction surface at
a steady state. For windows, CityEnrich
calculates the U-value and outputs it into
the Energy ADE.

Export

CityEnrich allows users to export the building-
specific energy-relevant information in the form of
CityGML Energy ADE. Currently, CityEnrich
exports the enrichment data in compliance with the
Energy ADE version 1.0 schema definition; however,
an adaptation to the export of Energy ADE version
2.0 is planned in future.

The current implementation of CityEnrich envisions
supporting UBEM-based research studies and aims to
enhance CityGML’s usage in existing energy-related
workflows and toolchains. The following section
highlights CityEnrich’s application by enriching a
CityGML LoD2 building model using an archetype-
based enrichment method and a manual enrichment
method. The section compares heating demand
simulation results for models enriched using the
archetype-based enrichment and manual enrichment
approach.

Tool Application and Validation

In order to validate CityEnrich, the authors developed
a CityGML LoD2 building model (further referred to
as ‘B1”) for enrichment and heating energy demand
simulation. The authors employ CityBIT (Malhotra et
al., 2022) for generating the model B1 and enrich it
using (i) TEASER+ for an archetype-based
enrichment and (ii) CityEnrich for manual
enrichment. The building model B1 is modelled with
a ground surface floor area of 225m? and has three
above-ground storeys. The authors define each storey
with a storey height of 4m and the complete model
includes a flat roof configuration. For B1, the total
building height is 12m, with a calculated volume of
approximately 2,700 m3. Figure 3 demonstrates a 3D
representation of the CityGML building model B1
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using the FZK Viewer

(IAIKIT,

2019).

Figure 3: 3D representation of building model ‘B1°.

The authors validate CityEnrich by using only one
building model due to the current unavailability of
precise district-wide energy-specific data. If
available, precise enrichment of district-wide
buildings might reduce inconsistencies in energy
simulation results and help facilitate accurate energy
demand predictions.

For the archetype-based enrichment, the authors
supplement B1 with statistical energy-specific
parameters using TEASER+ (Malhotra et al., 2019).
As B1 is modelled with a construction year of 2015’
and a ‘tenement’ building usage, TEASER+ enriches
the model with TABULA’s Multi-Family House
archetype. The (archetype-based) enriched model is
later referred to as ‘AEB1’. Using TEASER+ and the
Modelica library AixLib (Muller et al., 2016), the
authors convert AEB1 into a ready-to-simulate
Modelica model. The authors simulate AEB1 using
Dymola (Dassault Systems, 2020). Once simulated,
the authors compute AEB1’s aggregated heating
energy demand per square meter of the net leased
area (in kwh/m?a) for one year.

For the manual enrichment, the authors input
(partially) precise energy-specific parameters into
CityEnrich. Due to the current unavailability of some
of the energy-specific parameters for B1, the authors
use the operational and occupancy schedules similar
to the (previously mentioned) archetype-based
enrichment. The authors consider the construction
materials for Bl from the energy-efficient
construction standard ‘KFW40 Plus’ (Beckmann,
2020; KfW 2022). The standard defines an energy
efficiency house level for new building construction
and provides threshold values for parameters such as
the number of insulation layers, thickness, and others.
As the considered building is also in the planning
phases, it is foreseen to have an energy efficiency
level 40. For enrichment, however, not all
construction parameters are available to the authors,
and therefore, some construction materials are
assumed. It is also important to mention that this
paper does not include detailed information over
enrichment schedules and construction parameters
due to data privacy policies of the acknowledged
research project. The manually enriched model is

further referred to as ‘MEB1’. The authors convert
and simulate MEB1 for comparing its simulation
results to AEB1. Figure 4 compares the computed
heating energy demand per square meter of net-leased
area (kWh/m?a) for buildings enriched using an
archetype-based enrichment approach (in red) and a
manual enrichment approach (in green).
25 23,57

20
15

10 8,43

Heating Energy Demand (kWh/m?Za)

AEB1 MEB1

Archetype-based enrichment Manual Enrichment

Figure 4: Comparison of heating energy demand per
square meter of the net leased area (kWh/m?a) for
AEBL (in red) and MEBL (in green).

In Figure 4, a significantly large difference between
the simulation results of AEB1 and MEB1 can be
seen. As the actual building is planned to incorporate
the KFW40 specifications, it will likely show
simulation results similar to MEB1. Moreover, the
difference in simulation results highlights the
necessity of precise building-specific enrichment
while predicting energy demands. If available, the
precise data with manual enrichment techniques help
store, exchange and simulate building models for
energy performance simulations.

Conclusion and Future Work

The CityEnrich tool enables users to manually enrich
energy-specific attributes of CityGML building
models. CityEnrich supports the import of CityGML
LoD2 models and exports the enriched model in the
form of CityGML Energy ADE models. The tool is
available as open-source and has a modular
architecture incorporating a user-friendly GUI. The
tool currently supports the enrichment of a building’s
thermal zone and construction. For now, it is limited
to modelling a single-thermal zone; however, future
version would include a multi-zone enrichment. The
authors also envision the further development of the
tool by incorporating enrichment functionalities for
building’s energy systems and other physical
parameters. Future support with supplementary
material-related databases and the flexibility to select
pre-defined boundary conditions is planned.
Moreover, an import functionality of all CityGML
LoDs alongside its export as Energy ADE 2.0 is also
foreseen.
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