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ABSTRACT:

In the context of increasing greenhouse gas emissiol global demographic change with the simultaseend to urbanization, it
is a big challenge for cities around the world éofprm modifications in energy supply chain andding characteristics resulting in
reduced energy consumption and carbon dioxide atitig. Sound knowledge of energy resource demaddsapply including its
spatial distribution within urban areas is of gréaportance for planning strategies addressingtgreanergy efficiency. The
understanding of the city as a complex energy systffects several areas of the urban living, engrgy supply, urban texture,
human lifestyle, and climate protection. With thewing availability of 3D city models around the ribbased on the standard
language and format CityGML, energy system modelliagalysis and simulation can be incorporated th&se models. Both
domains will profit from that interaction by brimgj together official and accurate building modelduding building geometries,
semantics and locations forming a realistic imafjghe urban structure with systemic energy simafatinodels. A holistic view on
the impacts of energy planning scenarios can beettgatland analyzed including side effects on utieature and human lifestyle.
This paper focuses on the identification, clasatfam, and integration of energy-related key inttice of buildings and
neighbourhoods within 3D building models. Consequapglication of 3D city models conforming to CityGMierves the purpose
of deriving indicators for this topic. These wik Iset into the context of urban energy plannindpiwithe Energy Atlas Berlin. The
generation of indicator objects covering the inticavalues and related processing information Ml presented on the sample

scenario estimation of heating energy consumptidouildings and neighbourhoods. In their entirbiy key indicators will form an
adequate image of the local energy situation faisiten making. An approach for extending the CityGbkthndard for the explicit
storage of these indicators in relation to the ediog city object will be given by using the conteg CityGML Application
Domain Extension (ADE). The aim of this approachoaisnitiate a discussion process for the spedificaof a standardized data
model extension concerning energy assessment Dt&€i8yGML models, which facilitates the applicatiaf the Energy Atlas
decision support concepts within other city modelsforming to this standard.

1. INTRODUCTION

Climate change in combination with global populatgmowth,

trend to urbanization and higher demands on ttedistandard
of inhabitants requires an answer from city plagréoncerning
energy production, supply, and consumption. Curyeethergy
planning has to deal with several options, like t@nvs.

decentral energy production; exploitation of regatiee &

natural energies (solar heat & photovoltaic, wirmlvpr and
geothermal energy); construction, extension, adtitva usages
of supply and utility infrastructures; developmerftmeasures
to increase energy efficiency (building renovatioreasures
which affect the energy consumption); and campaiéprs
influencing consumer behaviour. The developmenheésures
having regard to all these options within citiedlscdor a

holistic strategic energy planning from the persipes of the
city administration and the energy providers whigguires
detailed knowledge and consideration of the lod@alaton to

understand the complex system interdependencies.

In several energy planning domains, e.g. estimadbanergy
consumption, solar potential analysis, thermal renmsensing
regarding heat emission of buildings, and utilitgtwork

modelling, virtual 3D city models are in the restafocus. 3D
city models conforming to the standard CityGML puaevifull

coverage of city objects of the entire urban aiealuding

geometry, properties, and the spatial arrangemiehuitdings,

with ability of coherent integration of spatio-sertia
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attributes, which facilitates the integration otegy-related and
ecologic-relevant information on different scal€bus, energy-
related simulation/computation models can be adple the
entire city. Furthermore, using the standard CityGMlbws for
easy adoption of the same concepts in differermgscit

The first part of this paper introduces the framawand project
initiative Energy Atlas Berlin focusing on the development of a
holistic modelling framework for energy assessmegarding
the diverse aspects of the urban energy system.irkbgators
and indexes for energy analysis will be identified the
example of estimation of heating energy consumptan
building and neighbourhood scale. The concept dfcators
and indexes will be incorporated into the desigma @ityGML
extension for energy assessment, an Energy Apiolicat
Domain Extension (ADE) which forms the basis of Eheergy
Atlas Berlin data model.

2. THE ENERGY ATLAS BERLIN

The Energy Atlas Berlin focuses on a holistic apphowards
optimizing decisions on comprehensive planningra#téves
for energy production, distribution, and use withdities.
Objective is the design and development of a giat®ol for
transparent energy planning addressing decisionersain
industry (energy suppliers, energy (solution) pdevs),
government, administration, and public.

Different decision making levels concerning strategnergy
planning within the City of Berlin from engineeringvel, over
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the design and planning level up to political anttepreneurial
level will be addressed during the project initiatbased on the
central Energy Atlas platform. On higher levelsligomakers
require a high level of abstraction. Basically, aigineer will
focus on energy flows and balances for individualdings and
its proximity, while a more global view will be elant for
areas of responsibility of a designer or administea The
greater the area of responsibility is, the more patial
aggregation is required to support the decisionimgagrocess.
Figure 1 illustrates this correlation.

Level Sphere of competence

Political and Strategic goals,
entrepreneurial level (legal) regulations

5 . Cities — Urban districts
Design and planning ) )
level Spatial planning,

Conceptual design

Buildings - Quarters

Resolution / Level of Detail

Energy efficient
components,
Energy sources,
Distribution networks

Engineering level

Generalisation / Aggregation

Figure 1: Energy Atlas — Levels of Decision-Making

The Energy Atlas will facilitate the integration,pagial
visualization and analysis of energetic and ecacllli relevant
information; energy requirements and consumptionergy
streams and distribution; energy sources and ptmdycand
shares in the production, but also in the redustiaf
greenhouse gas emissions.

Core of the Energy Atlas is the virtual 3D city mbd&Berlin

[Berlin3D, 2009]. The official 3D city model of Benliconsists
of about 550,000 buildings in LOD2, about 100 biniis
(landmarks) in LOD3, and 4 buildings in LOD4 withtegrated
Digital Terrain Model. The model is structured acting to the
CityGML standard and provides geometry, topologmasetics,
and appearance in an integrated way for all bugiglin Berlin.

Geothermal Heat Berlin CityGML Energy Atlas Traffic and Urban

Potential Structure
| Modeling and Data Survey |
Modeling and Set-Up CityGML /
Energy ADE and Database
Definition
x
Data Integration, Implementation of|

Tools for Analyses and Energy

Building Energy Assessmer
Properties, Innovative Busines
Balance and | Visualization & Interaction | Models
Scenarios

Figure 2: Starter Project Energy Atlas Berlin: Core and
Application Fields

In the center of the technical framework of the fggeitlias, the
storage of the 3D city model and all integratedasets is
implemented using@3DCityDB [3DCityDB, 2012], an Open
Source 3D geodatabase structured by a CityGML conifay
relational database schema developed by the Itestiof
Geodesy and Geoinformation Science of Technischeebitat
Berlin (see [Stadler et al., 2009] for detailed mfiation).
Figure 2 shows the structure of the Energy Atlasn@work
with the central database providing functionalifi@sgathering
and calculating energy related objects and pragetibgether
with their semantic information.

2.1 CityGML

The City Geography Markup Language (CityGML) is an

Consortium (OGC) for the representation and exchamige
semantic 3D city models. It specifies classes afations for
the most relevant city objects in an object oridntsay
including geometrical, topological, semantic ancegrance
properties, generalization and aggregation hieraschetween
object classes as well as thematic relations betwite objects.
CityGML is an application schema of the Geographykdp
Language 3.1.1, based on a number of standardstirert50
191xx family, OGC, W3C Consortium, Web 3D Consortium,
and OASIS [Groger et al., 2008; Kolbe, 2009]. Targuage
provides thematic modules for the representatiobuildings,
city furniture, land use, relief, and vegetationraffic
infrastructures and water ways including a full §Bometry
representation and the ability of enrichment byliapfion of
specific data, e.g. values concerning energy pranrilowever,
the thematic modules can only cover a basic seippfication
fields. For use in further domains CityGML provideancepts
of generic objects, generic attributes, and Appilice Domain
Extensions (ADE). An ADE can extend CityGML by sfieci
attributes or objects in a formalized way to cdpe additional
thematic requirements.

Five consecutive Levels-of-Detail (LOD) are definadthin
CityGML, with increasing detailing in spatial andethatic
differentiation from LODO (2.5D DTM + 3D landmarkand
infrastructure) up to LOD4 (most detailed 3D strwet
including an indoor model). Each object may havachied a
separate representation for each LOD simultaneously

The full coverage of geometry, topology, semanti)d
appearance of city objects in diverse LODs coupldth
generalization and aggregation hierarchies forngityg object
structures on different hierarchical scales and dbdity of
designing domain specific extensions build a stable
environment for performing multi-scale analyses and
simulations on CityGML-conforming virtual 3D city rdels.

2.2 Starter Project Energy Atlas Berlin: Data and Concep
Integration to cope with Application Fields

Within the initial projectEnergy Atlas Berlin, in cooperation
with academic partners from several departments thaf
Technische Universitéat Berlin and the German Rese@ettire
for Geosciences (GFZ); the industrial partners aftll
Europe Berlin AG, GASAG AG, and Berlin Partner Gmlatig
the Berlin Senat for Economics, Technology and Wdsnen
Issues as partner of the city government of Berling
application fields geothermal heat potential, tcal& urban
structure, energy characteristics of buildings, tedcreation of
new business models will be addressed, see FiguFer2that
purpose, energy relevant features, e.g., for enprgguction,
distribution, and consumption will be identified can
incorporated. In addition, analysis and visual@mattools will
be designed and prototypically implemented, sucht th
visualization of analysis results in combinatiorithahe 3D city
model of Berlin is available, allowing a visual irgestation
related to the urban environment.

The 3D city model of Berlin itself provides the gestry of
buildings as well as a basic set of semantic in&iom, such as
building addresses, usages, and heights. Dataratimg of
existing energy-related datasets and integratioraddfitional
modeling concepts is one prerequisite to augmeatntiodel
according to the energy domain requirements. Fairghrpose,
the following datasets and concepts are incorpdratto the
3D city model of Berlin:

- Datasets with solar potentials of the Solar AtlasliBe
[Solaratlas, 2010] obtained from laser surveyingalobut

international standard issued by the Open Geospatia 500,000 roofs in Berlin are available for buildiragsd also
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for single roof surfaces. The datasets containeslapd
orientation of the roofs; the amount of solar iratidn;
installation costs, energy yields and LQ@eduction
potentials for different solar panel types.

«  The modeling concept of an Utility Network ADE whic
incorporates supply infrastructures and utility waks
(i.,e. gas, water, electricity, etc.) into CityGML
contributed by another project calledMKAS-3D
(Simulation of Cascading Effects in the Failure dflity

is

Infrastructures) [Simkas3D, 2010] which deals with distinction between

scenarios of cascading effects among supplier mksaaf
Berlin’s utility companies that may result in disast The
definition of the core network model and its raaship to
additional packages can be found in [Becker egall1].
«  Concepts for estimation of the energetic rehahititastate
of buildings and heating energy consumptiare
incorporated from [Carrion, 2010 & Carrién et al.,12D

Figure 3: Energy Atlas Berlin: Model and

Figure 3 illustrates the integrative approach efEmergy Atlas
Berlin. Network modeling concepts, Berlin-wide sgtatential
data for roofs and the 3D city model dataset ofiBérave been
already joined for the Energy Atlas.

2.3 Applicability within other Cities

An increasing number of cities around the world nteih 3D

city models conforming to the standardized modgllenguage
CityGML. With this standardized modelling, the 3-éinsional
geometry of city objects, like buildings, trafficeas, etc., is
available in close association with the semant&réger, Kolbe
et al., 2008]. The idea of the Energy Atlas is tBatlin is the
test bed for conceptual design of a framework coriog

holistic energy planning and simulations based wirtaal 3D

city model which is semantically enriched by energpated

datasets. In that context, the standard CityGMLvaldor easy
adoption of the same concepts in different cities.

3. METRICS, INDICATORS AND INDEXES

Holistic urban energy planning deals with simulatiof
planning alternatives coupled with decision-maknegarding
suitability to achieve strategic objectives or pi@é concerning
a sustainable development in the energetic behawbuwity.
Usually, decision-making in context of sustainatdeelopment
is associated with information gathering using tlomcept of
indicators. The entire key information which is essary to
understand the interrelations concerning the etierge
behaviour of the urban region can be provided bynfiog a
comprehensive set of energy-related indicatorsh& context,
the most important feature of indicators is theevahce to
policy and decision-making, which requires that eleped
indicators must deal with that relevance [Gallodi®97].

In general, an indicator represents a set of ridegefining,
collecting, and organising data by a specified es{iICarneiro,
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2011]. A more detailed investigation on the meanamy
definition of indicators gives [Gallopin, 1997]. dite,
indicators are described as individual variablesasiables that
are a function of other variables to summarize ionpéfy,
quantify, measure, and communicate relevant inftona
indicators make visible or perceptible significahenomena on
a transparent way. The function can differ in thmmplexity,
from simple functions up to very complex simulatiorodel
calculations. The complexity of the function leatls a
indicators, which usually resarmet
complicated functions on the primary data, and xede
representing simple functions of (in most cases)elelevel
variables, like weighted addition of individual iables,
multiplication, or maximum operations. In other wsr an
index covers straightforward aggregation functidpalof
variable values to one higher aggregated resulgreds an
indicator processes a complex calculation resultingne value
of the same or higher level of aggregation.

As above mentioned, indicators and indexes shaihsarize or
simplify, quantify, measure relevant informationiahhrequires
an underlying metric of their values, e.g. realeger values or
a reference to such values, and usually a measotemit.

An integration of the indicator concept within val 3D city
models will be helpful for accessing required egyggpperties
and attributes; results of energy-related systemulsition
consisting of complex calculations and aggregation
functionality for decision-making on higher hieraigal scales.
[Carneiro, 2011] introduces the application of imdizs within
the energy domain for application in solar energjeptial
analysis and energy demand for heating and lightiyg
processing LiDAR-based Digital Surface Models. Witlthis
paper, the concept will be adapted for energy ass&st using
CityGML-based 3D city models. In that context, getme
topology, morphology, and spatio-semantic attributén
CityGML-conform virtual 3D city models, a semantittrdoute
is always correlated to city object geometry [Stadét al,
2007]) of single city objects or aggregations orth on
neighbourhood, district or city scale have to bdrassed by
indicators and indexes.

4. KEY INDICATORS FOR STRATEGIC ENERGY
PLANNING — ESTIMATION OF HEATING ENERGY
CONSUMPTION

This chapter will focus on a sample scenario witthi@ energy
assessment domain — the estimation of heating ¥nerg
consumption of buildings and neighbourhoods. Int tuatext,

the interaction of different indicators and indexedl be
introduced to show their relevance within this dom8uilding

on that example, an extension of CityGML will beidefl in
chapter 5 for covering this scenario by using tli@EAconcept

of CityGML.

4.1 Estimation of Heating Energy Consumption of
Buildings and Neighbourhoods

Current and future energy consumption values arebigf
interest for energy suppliers for planning the cityaof their
utility networks and energy delivery infrastructurdhe
estimation concept follows the hypothesis that rgjro
correlations exist between information about resiidé
buildings and their energy consumption values. kg4
illustrates the correlations between a set of imfttion which
can be derived from geometry and semantics of itteal 3D
city model, cadastre data, and statistical inforomat By
integration of all these information within the 3fity model,
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Building information
- Covered volume [m3]
- Assignable area [m?]
- Building type
- Building usage
- Year of construction /

assessment of the energy consumption values canobessed
building typologies
- Rehabilitation state

based on this model.
- Inhabitants

Figure 4: Correlation between building characteristcs and
consumption values

Energy consumption
information

- Power consumption

- Water consumption

- Gas consumption

- Heating energy
consumption

Due to data privacy issues, complete city-wide @per
consumption data is not available for use withinlistic
simulations or analyses. The same situation oaaithsn future
energy consumption estimations, where real valaasat exist.
The city-wide availability of 3D city model and catre data is
a comprehensive data set for applying estimatigorahms
which simulate those correlations to fill this gap.
In the following approach of [Carrién, 2010 & Carrién al.,
2010], the focus lies on heating energy consumpiiimation.
Within this approach, the heating energy consumptialue of
a single building depends on the parameters nuwibstioreys,
building height, heated volume, construction yearmber of
accommodation units, and building function (the Iding
usage). The heated volume and building height eaddsived
from the building geometry. The number of storeys,
construction year, number of accommodation units] the
building function can be taken from the semantforimation of
the building model. In Berlin all these semantias available in
different datasets and were merged with the 3Droitgel.
According to the German Energy Savings Ordinanc6920
(EnEV), the assignable area of a building can kenated
according to the following formula:
AN assignable area [m?]
AN :[ Jwe

hg average storey height [m]
Ve heated building volume [m?]
The average storey height is derived by:
hg building height

n number of storeys

L ooamt
hg

he

_hs
T
From the building function, number of storeys, nemiof

accommodation units and the vicinity, a buildingeycan be
derived, i.e. detached single family house, rowvan house,
small or large multi-family house, multi-storey Hling.

Several building typologies exist, which are demaidrom the
building and city development structure. A typidalilding

typology lists consumption values as factors péper year for
different building types and construction year s&s in
kWh/nfa. For a city, a most suitable building typologysinbe
taken for accurate estimations. By using the bujdiype and
the construction year the appropriate factor casdbected and
multiplied with the assignable area of a buildimgpich leads to
the heating energy consumption of the selecteddimgjl In

[Carrion, 2010] the estimated values on a test areRerlin

have a 19% average deviation to real values. ThledynAtlas
starter project focuses on the refinement of tlgerathm.

The next section will follow this estimation appcba by

identifying the key indicators/indexes relatedhis tdomain.

4.2 Definition of Key Indicators and Indexes

Using the 3D city model of Berlin the values for dgorithm
have to be completely derived from this mod®y. analyzing
the parameter of each calculation step, the indisa@and
indexes covering the scenario in section 4.1 caddified.

Values that can be directly taken from the propsrtof a
building are number of storeys, usage of the bogdi
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construction year, and the number of accommodatiots. For
accessing these parameters, elementary indicaibyscén be
defined which represent these properties (or viesb

* Elnumberofstoreys = Property[Building]aumberofstoreys

* Elusage = Property[Buildinglfunction

* Elconstructionvear = Property[Building]yearofconstruction

* ElaccommodationUnits = PrOperty[BUi|ding]numberOfAccommodationUnits
The building height and heated volume can be catedl by
using analysis functions on the geometry of a lngd the
vicinity can be derived by analyzing the buildingpology.
Complex indicators (Cl) will be defined carrying cdep
functions directly on the related building object:

* ClauidingHeight = f(Geomertry[Building])

* ClHeatedvoume = f(Geometry[Building])

* Clvicinity = f(Topology[Building])

According to the formulas in section 4.1, the ferthesults of
the estimation approach will be obtained applyiramplex
functions on the above listed elementary and coxmple
indicators. These values are the storey heighigrzasisle area,
building type and the resulting heating energy comstion on
building scale. The complex function requires tledirdtion of
further complex indicators for obtaining these eslu

. C|StoreyHeight = f(C|BuiIdingHeight, E|Number0fStoreys)

4 C|AssignabIeArea = f(C'StoreyHeight, C|HeatedVOIume)

. C|BuildingType = f(E|Usage, E|Number0fStoreys, ElAccommodationUnits, C|Vicinity)

«Cl HeatingEnergyConsumption = f(ElConstructionYear, ClAssignabIeArea, C|BuildingType)
Besides the consumption estimation, heating energy lme
produced within buildings. For demonstration issaesa more
comprehensive insight about the heating energy Igupp
buildings, we introduce another elementary indicata an
attribute value which is already incorporated assitjto the
roof surfaces of buildings within the 3D city modei the
Energy Atlas Berlin, the potential solar thermalgie

* Elroofsolarhermatvieid = Attribute[RoofSurface]solarhermalyield
This value can be subtracted from the estimatetifgeanergy
consumption obtaining the remaining heating eneigymand of
a building.

4.3 Indicator/Index Aggregation

Dealing with energy assessment on different scalas to
support aggregation concepts. Beneficial for degvidicators
on a higher aggregation level is thematic aggregads well as
spatial aggregation, i.e. thematic aggregation sammarize,
multiply or apply maximum operations on balanceueal of
different domains, like energy consumption whichn che
summarized from heating energy and power consumptio
spatial aggregation can use that operations toectrate values
within neighbourhoods, districts, or the city toeaingle value.
Addressing the different scales within the heatiagergy
scenario, we introduce a combined thematic and iadpat
aggregation of heating energy consumption and gbkmal
production of all buildings on neighbourhood scale:

* |ndeXHeatingEnergyConsumptioaneighbourhood = Z(ClHeatingEnergyConsumption,

ElRoofSolarThermalYield, f(GeOmetry[Enve|Ope]Neighbourhood))

The underlying simple aggregation functionality éencovered
by an index on all indicators processing the hgagmergy
consumption on building scale and the solar therpields
within the envelope of the neighbourhood.

4.4 Classification of the Indicators/Indexes

Analogous to the representation of geometry, topglo
semantic and appearance within virtual 3D city nede
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indicators/indexes can be classified according teeirt
underlying metric, which can base on the geomethg
topology, the morphology, or the spatially relasethantic.

metric concerning| elementary indicator complex indicator index
building height, heated
geometry
volume
topology vicinity (number of adjacer
buildings)
morphology
(morphometrics)
accommodation units, |building type, storey heigh{neighbourhood-
spatio-semantic | construction year, assignable area, building- |scale heating
metrics usage, number of storeyscale heating energy energy
roof solar thermal yield [consumption consumption

Table 1: Indicator/index classification by metric types

Table 1 gives a compact overview and classificatidrnthe
introduced indicators and indexes.

4.5 Multiple Indicator/Index Algorithms

Usually, simulation and calculation results canob¢ained by
various algorithms, e.g. in [Strzalka et al., 202dp further

approaches for heating energy consumption estimatio

building scale will be introduced. A simple modeainsiders

only the transmission losses through the outer dingl

envelope; the more complex model processes a chepseve

energy balance covering transmission and ventilatigses as
well as solar and internal gains according to therntn

standard [DIN V 18599].

By reason of that multiplicity of algorithms for @liming one

parameter, each complex indicator and index néezlpdtential

of covering multiple variants of functions. For asishing

transparency among the derivation process (a denmnd
indicators, see section 3) each function requirestam
information about the lineage and the data quatifythe

underlying algorithm as well as the applied functif the set
including the selection criteria.

5. CITYGML ENERGY ADE

The CityGML language core does not provide expétitibutes
for modeling energy consumption of buildings, tyili
infrastructure distribution and capacities, and eowtations.
For this reason, an extension of the data modekfgrgy
specific contents is required, in order to allowsdntorying,
classifying, mapping and analytical processingrafrgy related
values with strong reference to the related cifeab Thus, the
CityGML core needs to be extended by an Energy ADE.

<<DataType>>
ind::VariantType
+value : gml:MeasureType[1]
+lineage : string[1]
+derivationRule : string[1]
+uncertainty : gml:MeasureType[1]
+priority : integer[1]

<<Feature>>
ind::_Indicator
+name : string[1]
+description : string[1]

O- 0 calculatedFrom
calculatedFrom

o1 4 [ ]

<<Feature>>
ind::_C icator
+complexFunctionVariants : VariantType[1..n]
+selectedVariant : integer{1]

Figure 5: Indicator/Index Meta-Model in UML notation

<<Feature>>
ind::_ElementaryIndicator
+value : gml:MeasureType

0.1

<<Feature>>

ind::_Index
+simpleFunctionVariants : VariantType[1..n]
+selectedVariant : Integer([1]

According to the formalization in section 3 and thistinction
of the terms indicator and index in [Carneiro, 201dd
indicator meta-model can be defined, which actbass for
defining the Energy ADE. Figure 5 shows the UML aet
model of the indicator concept. Indicators can leenentary or
complex. An elementary indicator gives direct asdesvalues
of a variable, which can be an attribute or propest a
CityGML conforming city object, whereas complex icatiors
calculate their values by using a complex functéonl further
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indicators as parameters. An index is a specia tfndicator
that can be derived by applying a simple functionaoset of
indicators. In deviation from the conceptual modal the
construction of urban indicators in [Carneiro, 20%djere an
index can only be used to create further indexe#) bomplex
indicators and indexes can act as an input pararfateeach
other. The reason for that modification lies in theneficial
reusability of index values within complex funct®om higher
hierarchical levels.

Each instance of a complex indicator and indexaiosta set of
variants of their underlying derivation functionscarding to
various approaches which can be used for calcglative
indicator or index value, see section 4.5. An iathc or index
within CityGML has no ability to execute the undémty
function by itself; it holds only a descriptive atibn of the
algorithm within the attributelerivationRule. Within analysis
and simulation tools executing these rules, thetation must
be supported. A sample approach for using a moreergal
language concept which takes into account the iootabf
geoobjects and their spatial characteristics atatioaships in
the context of graph transformation on GML-baset daodels
gives [Kriger, et al., 2010]. Each variant includegriority
ranking (an order of application) as well as mefafimation
about the data qualityuicertainty) and lineage to establish
transparency among the algorithm used to obtaivahee. The
value of each indicator or index is definasigml: MeasureType
which covers the requirement of an underlying metfi their
values including the measurement unit. Due to themplex
functionality and unique configuration of their fasces
indicators and indexes are defined as feature tshjec

<<Feature>>
ind::_Elementarylndicator
e ——

AN
I I I I 1

<<Feature>> <<Feature>> <<Feature>> <<Feature>>
ind::NumberOfStoreys ind::ConstructionYear ind::Usage ind::SolarThermal
Indicat: Indicat: Indicat EnergyYieldindicator
<<Feature>> <<Feature>>
ind::A dati eyHeight
UnitsIndicator <<Feature>> Indicator <<Feature>>
ind::_Ci di ‘ ind::_Index
L ! ! L <<Feature>>
<<Feature>> <<Feature>> <<Feature>> f r
ind::BuildingHeight | | | ind::HeatedVolume | | | ind::BuildingType el NGy
o I AP Consumptionindex
<<Feature>> <<Feature>> <<Feature>>
ind::AssignableArea ind::Vicinity ind::HeatingEnergy
Indi Indi c ionlndi

Figure 6: UML class diagram of Indicators/Indexes
concerning Heating Energy Consumption

Accordant to the definition and classification nélicators and
indexes given in section 4.2 and 4.3, Figure 6 aspthe
indicator/index class hierarchy in UML.

The concept for creating the EnergyADE based on the
indicator/index concept is illustrated in Figure The related
feature classes, in case of the heating energyuogstton
domain Building and RoofSurface, will be specialized by
corresponding EnergyADE feature classes. Furthemomnew
classNeighbourhood will be incorporated as specialization of a
CityObjectGroup for modelling higher spatial aggregation
levels. The indicator and index classes will begaesl to the
related specialized ADE class of the energy domdine
cardinality for each indicator ranges from 0 toniganing the
indicator or index instance can exist one timeat; depending
on their availability causing by applicability ofiainderlying
algorithm to obtain the values. The given notatiosing
<<ADEElement>> as stereotype of an ADE class ahdE as
name of the generalization/specialization relatfollows an
actual convention within the Special Interest GroGp
resulting from their discussion process.
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Figure 7: UML class diagram for incorporating Heating
Energy Consumption Indicators/Indexes as an EnergyADE

6. CONCLUSION & OUTLOOK

Within this paper, the concept of an integratednfrevork for
transparent planning processes on all levels asaecmaking
in cities concerning strategic energy planning waoduced -

Carneiro, C., 2011Extraction of Urban Environmental Quality
Indicators using LiDAR-Based Digital Surface Models.
Doctoral thesis, Ecole polytechnique fédérale deishane,
Switzerland.

Carrion, D. 2010.Estimation of the energetic rehabilitation
state of buildings for the city of Berlin using a 3D city model
represented in CityGML. Master thesis, Technische Universitat
Berlin, Germany.

Carrion, D., Lorenz, A., Kolbe, T.H., 201&stimation of the
energetic rehabilitation state of buildings for the city of Berlin
using a 3D City Model represented in CityGML. In: Kolbe,
T.H., Koénig, G., Nagel, C. (Eds.), Proceedings o thth
International Conference on 3D Geo-Information 20ih0
Berlin. The International Archives of the Photograstry,
Remote Sensing and Spatial Information Sciences3pg36.

Gallopin, G.C, 1997Lndicators and their use: information for
decision-making. In Moldan, B., Billharz, S. (Eds.).
Sustainability Indicators: Report of the Projectindicators of
Sustainable Development. SCOPE 58, John Wiley & Sons
Chichester, pp.13-27.

Groger, G., Kolbe, T.H., Czerwinski, A., Nagel, C0Q03:
OpenGIS City Geography Markup Language (CityGML),

the Energy Atlas Berlin.Energy assessment and systemverSion 1.0.0. OGC Encoding Specification, Doc.No. 08-007r1.

simulation regarding sustainable development ctnsist
simple variables, simple aggregation functionakityd complex
calculations resulting in a set of parameters whielm be
obtained by using the concept of indicators andexed.The
importance of indicators/indexes is dependent ore th
application domain within the planning proce€n a sample
scenario - the heating energy consumption estimati@ set of
key indicators and indexes were identified andsifies, which
as unit form a comprehensive image of the estimajaproach.
Furthermore, concepts towards a CityGML extensiorefergy
planning based on indicators/indexes - the Enemi{ A were
introduced, which is a basic prerequisite for integration of
semantics and analysis concepts concerning sttatgrgy
planning using virtual 3D city models based on CityGML as
integrated platformThe standard CityGML will allow easy
adoption of the same concepts in different cities.

Several future research aspects can be identif@d the
development of a holistic strategic energy planrptegform. A
comprehensive set of key indicators and indexes havbe
identified within all relevant energy applicatiomrdains of a
city. Furthermore, a comprehensive ADE for energgeasment
using a systemic approach for the whole city medbimaden to
all aspects of energy production, flows and condiompwithin
urban areas. Moreover, a discussion and stand#otizarocess
should be initiated to reach compatibility betwedifferent
energy planning systems on CityGML-based 3D city efed
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