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Abstract

In the past 145 years the building sector has increasingly come into the focus of
European and national energy policies, as it plays a crucial role in any climate change
mitigation strategy. Significant progress has already been made, especially getgadin
thermal standard of new buildings. However, not all expectations regarding the decline of the

national energy consumption of the consideredus®alenergy sector have been met.

One objective of this thesistis (a) develop a model fram@rk which is capable of
assessinthemid- to longterm trajectorie®f theenergy needsf heating, cooling and
domestichot water It also assesses thssociaté final energy demand and how this
development might be affected by different (policy) framework cambti Furthermorat
(b) developsan input dataset for the model of the Austrian building seatwt (c)analyzes

different futures for the assessed sector.

The outcomes of the first two objectives result in the Invert/&BE model, a
comprehensive modely framework and a highly disaggregated numerical description of the
Austrian building stock. Methodologically, the developed model is an engindsaseyl
bottomup model augmented by statistical bottapelements. The model kernel consists of
three modles: the building physics energy calculation engine, the building demolition and
building elementreplacement calculation module, and the investment decision module based

on the concept of logit models combined with a technology diffusion model.

The Austran energy demand for space heating and hot water under constant climate
conditions and the energy carriers applied to supply the demand until 2030, are analyzed in
three policy scenarios. The first two scengriohh e fiwi t h exi sti ng measur
and the Awith addit i ondedcribefagtizecwrendysnipleriewtddM) s c e
policy measures (implemented in 2012) dopadditional measures, which are likely to be
enforced within the next few years. According to these settings, theefisegy demand will
be reduced by between 15% (WEM) dic®o (WAM) until 2030, compared to level of

2012. The third policy scenario implements additional, more ambitious policy settings after
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Abstract

2020. These policy settings in the WAM¢enario will trigger adtional energy savings of
8 TWh, resulting in a total reduction 05% until 2030 compared to the level of 201

Finally, the impact of the climate change on the energy needs for the heating and
cooling of the Austrian building stock until 2080 is evaldatdnder IPCCA1B climate
conditions (~3°Gscenario) the energy needs for heating will decline by about 25% until 2080
(~12% in 2050) compared to constant climate conditions. The analysis also reveals that the
cooling is more sensitive to increasing tengbaeres. Depending on the regional climate
model, cooling needs will increase by about 60060% until 2080 (40%60% until 2050)

compared to current climate conditions.
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Abbreviati ons

AlB IPCC scenario family with rapid economic growth and a balance across all

energy sources

AB Apartment building

AC Air conditioning

BGBI iBundesgesetzblatto (Feder al Law Gaze
BMLFUW fiBundesministerium fur Lardind Forstwirtschaft, Umwelt und

Wasserwirtschaft(The Austrian Federal Ministry of Agriculture, Forestry,
Environment and Water Management)

BMWFJ fiBundesministerium fur Wirtschaft, Familie und Juggnd( The Austri a
Feceral Ministry of Science, Research and Economy)

CDD Cooling degree days

CGE Computable general equilibrium

CNRM Centre National de Recherches Météorologiques

CP Consumer preferencel§ consumers are willing to accept higher prices /

costs for certain thnologies then also the expression Willingresgay is

used.
CRPC Costresourcepotentiatcurves
CSDM Commercial Sector Demand Modwé&the NEMS model
DH District heating
DHW Domestic hot wateMWater used, in any type of building, for domestic

purpases, principallyor drinking, food preparation, sanitation and personal
hygiene (but not including space heating, swimming pool heatirtbeor

use for processes such as commercial food preparation or clothes washing)

EIA U.S. Energy Information Adminisdtion
EnEV AEnergieeinsparverordnuingGerman Energy Saving Regulations)
EOBS The ENSEMBLES Observational gridded data€diserved climate

conditions for the period 1982006 (sometimeslso referred to as-BBS).
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Abbreviations

Also, a climate dataset for the perib@1-1980 exiss, but is not used in

this work.
EPBD Energy performance of buildings Directive
GCM Global climate model
GEV Generalized extreme value
GFA Conditioned gross floor are@his area includes all conditioned space

contained within the thermal insulation layer.

HDD Heating degree days

IG-L Al mmi ssi on s & ol Airdamgssian erotection law)

A Independence from irrelevant alternatihgpothesis

[IN Independencef irrelevant nests (hypothesis)

IPCC Intergovernmental Panel on Climate Change

LPG Liquefied petroleum gas

MNLM Multinomial logit model

MS Member States of the European Union

NEMS National Energy Modeling System

NFA Conditioned net floor area, correspondshe term of useful floor area as
used in Directive 2012/27/EC

NLM Nested logit modelCommon approach in the field of discrete choice
models

NREAP National renewable energy action plan submitted in 2010 according to the

(Directive 2009/28/EC on the promotion of the use of energy from
renewable sources and amending and subsequently repealing Directives
2001/77/EC and 2003/30/EQ009)

OROK NR¥sterreeiRahimoae [ n u n ustkao @ohfereneerorz A (

Spatial Planninp

RCM Regional climate model

RDM Residential Demand Module of the NEMS model
RES Renewable energy sources

RESH Renewable energy sources for heating

RESH/C Renewable energy sources for heating @aling
SSCD Semi synthetic climatic data




Abbreviations

TOC

WAM

WAM+

WEM

Total costs of heating and domestic hot water preparaianprisesform
consumptiordependent (energy) costs, consumptiependent annual
operating costs and the kized investment costs.

With additional measures; scenario with policy measures which are under
discussion in Austria and are most likely to be applied within the upcoming
years.

With ambitious measures; scenario with additional ambitious policy
measures introduced in 2021.

With existing measurescenario with policy measures which were

implemented in Austria by spring 2012.
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Symbol s, units, sets and

Nomenclature

Area [m?]
Agelyr]
b Index (building segment)
bca Index (building category)
C Annual specific costs (per area or en
CiDD Cooling indoordegree days [Kd]
E Energy in general (including all energy carriers and energy needs, except
heat and work  [Wh]
ec Index (energy carrier)
ecr Index (energy carrier region)
f Policy factor technology factor or calibration factod [
H Hear transfer coefficientfW/K]
h Surface coefficient of hear transfer  [W/m2K]
or hours [h]
HDD Heating degree days [Kd]
I Capitalc ost s [ 0]
k Shape factor Weibludlistribution[-]
n Discrete number of countable objeftp

Simulation step widtfyr]
Quantity of heat [(k)Wh]
q (Area)Specific quantitiy of heat [(k)Wh/m?]
Ratio [-]
Share []
Time [yr]

-

Electrical or thermal Bwer [W]
Factors|-]
Household income or budgei [

o < X W~ o

1i,j,k,m,n Scalari N
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Symbols units, sets and subscripts

Greek letters

a

ML 3 S0

Sets

B

BCA
EC
ECR

I
HSCAT
SOL

Subscripts

35

a

adapt
air
ambient
aux

B

b

BC

bca

Elasticity [-]
Annuity factor [yf]

Scaled variance of decision parameitgr
Sensitivity, uncertainty or randeerror indicator
Decay ratq -|

Efficiency F]

Technology factor]

Characteristiclifetime of elementgyr]

(neg.
Centigradetemperature [°C]

Penalty uti ity
Standard deviation

Cumulated failure ratg-]

Buildings

Building categories
Energy carriers

Energy carrier regions
Technology options
Heating system categories
Solar thermal technologies

35°C supply lingemperature

Area

Adapted

Air

Ambient energy (utilized by heat pumps)
Auxilliary (power)

Set of buildings

Building (segment)

(Set of) Buidling class(es)

Building category

fulnction,

o Xl &

aka



Symbols units, sets and subscripts

boiler
BS
build.

building side

C,nd
corr
cost
CR
C,sys

cum.replaced

dec
demolition
DHW

Heat generation (boiler) and storage
(Set of) Buidling segment(s)
Building

Building location specific
Energy needs for space cooling
Corrected

Cost

Climate region

Energy use for domestic cooling
Cumulated replaced

Decrease

Demolition

Domestic hot water

DWHloss,revover Recoverable losses from DHW distribution

DHW,nd
DHW,sys
distr

district heating

dw

dyn

e

ec
econ_feas
ecr

FED

fl

fossil

gfa

hdd

H,gan
H,nd
household
HP

hs

H,sys

Energy needs for domestic hot water
Energy use for domestic hot water
Space heating or DHW distribution system
District heating

Dwelling

Dynamic

External (outdoor)

Energy carrier

Economically feasible

Energy carrier region

Final energy demand

Floor area

Fossil energy carrier

(Heated) Gross floor area

Heating degree days

Energy gains for space heating
Energy needs for space heating
Household

Heat pump

Space heating system

Energy use for heating
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Symbols units, sets and subscripts

[

inc

Info
initial
Invert/EELab
j

LDM

m

max
measure
min
MNLM
N
nest,R
nfa
NLM
nonren
Norm
op

opt

orig

P

r

ren

ref

run

S

scale
set

sim.step_width

simplified
sol

t

tr

use

Technology option

Increase

Information

Initial

Defined in the InvefEE-Lab model
Technology |

Logistic diffusion model

Mid point or technology index
Maximum

Measure

Minimum

Multinomial logit model

Nominal (power)

Nest R of Nested logit model

Net floor area

Nested logit model
Nonenewable energy carriers
Calculation according to calculation standard
Operative (set temperature)
Operation (hours)

Orignal status (before renovation)
Pumps (heat distribution)
Technology index r

renovation

Referace

Running

Setpoint

Scale

Setpoint

Simulation step width

Simplified compared to Calculation standard EN 15603

Solar

Simulation period or temporal temperature setback

Transmission

User factor tr Transmission
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Symbols units, sets and subscripts

ve

Ventilation

Supply line temperature of heat distribution system
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1 I ntroducti on

11 Moti vati on

The European directives and policy framework documents require membercstates t
monitor and report regularly the progress regarding renewable energy employment and
energy efficiency improvemenfsee sectioi.4). In order toproperly assess the effects of
implemented policy measures as welttasimpact offuture target settings, wedistablished
andscientifically-based tools are required. Therefore there is a growing need for tools
investigating the energy demand in thelding stock, the potential for greenhouse gas
(GHG)-reduction by thermal renovation activities, and renewable heating and cooling (RES

H/C), as well as pathways for the exploitation of these potentials.

A number of such tools witbpecific strengths, linations, features and focudesve
been developeso far(see section 2). Considerable challenges have to be addressed by these
models with respect tata requirements and data availability and the saoped at irthe
subsequently performed analys€bus, dfferenttop-down and bottorup approachebave
beenchoserto overcome these challengaadmodels which are either mainly built on
statistical data (e.g. econometric models, irgutput topdown models, statistical botteap
models) or which rathiedescribe the underlying processes, technical or ssmaomic (e.g.
CGEmodels, engineeringased bottorup models)vere developed~urthermore,
approaches can be distinguished according to their underlying mathematical solving
mechanisms, such as optration or simulation, and/or the degree of freedom (e.g. tools with

or without endogenous decistiomaking algorithms).

The work presented in this thesis contributes to this field of research by developing
and applying the Invert/EEab model. This is dechnaesociceconomic bottorup cohort
model of the building stock. It endogenously calculadtesreplacement of buildings and
building componerg andthe market acceptance of different renovation measures and heating
systems. This thesis develops the meblogy and discusses selected scenarios and their

results in the case of Austria.
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Introduction

1.2 Obj ectnidvescope

Themainobjectiveof thisthesisis to (a) develop a comprehensive modeling tool

capable of

o determining the current energy needs for heating, coalgdomestic hot water and the

associated final energy demand,
0 analyzing their possible mi@2030) to longterm (2050) trajectories,

0 endogenouslgassessing how the development might be affected by different framework
conditions such as energy policy settings, enerdy@rprices, the climate change or

resource availability

It aims to (b) gather buildingand energyelated data to setp adisaggregated cohort model
of the Austrian built environment and to (c) analyze future trajectories for thesenskctor

in question.

To meet this objective, the followingodelingrelated questions are addressed in this

work:

o What is a suitable structeifor a bottorrup model capable of processing a highly

disaggregated description of the building stock?

0 How to integrate an appropriate engineefiraged calculating method for deriving the

buil dingsd energy needs in such a building
o How to mocekl the endbf-service lifetime and corresponding replacement of buildings and
buildingcomponerg?
o How to model the decisiemaking process for different renovation and heat supply

related measures?

Concerning its scope, this thesis considers the follogystem boundaries:

o This work focuses on the energy demand of space conditioning (heating and cooling) and
domestic hot water preparation and associated measures impacting these properties. The
energy needs are calculated including internal loads doetpation lighting and
appliances. Howevelighting and applianceare notmodeledendogenously.

Furthermore, the agonditioning systemare not within the scope of the modelush
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only the energy needs for cooling but not the energy use (or delivezegl)efor cooling

is calculated.

0 The regional system boundary of this work is Austria. The modeling approach itself is not
restricted to Austria and has also been applied to other couivteieshey do not form

the focus of this thesis.

o The time horiza of the developed policy scenarios is set by the year 2030. To investigate

the impact of the climate change, model runs were also carried out until 2080.

1.3 Met hodol ogy

This thesis applies a quantitative metaked approach. To address the questions
raisedabove, the following tasks were carried out:

1. Setting up the methodological framework

A comprehensive tool, the Invert/HEb model was developed by the author during
the last 5 years. The developed model is a dynamic, highly disaggregated;gecieno
ecanomic bottoraup simulation tool. With this tool the existing energy needs, the final
energy demand, and the delivered energy for space heating, space cooling and domestic hot
water preparation of the building stock of a specific region or country, aaswis possible
future developments, can be described and analyzed. The @adcghation module is based
on a quassteadystate monthly energy balance approach augmented by statistichiiop

and bottoraup factors (sectiod.4).

The developed model allows investigating the effects of different drivers and barriers
such as policy settings (in particular different economic and regulatory instruments), energy
prices, behavior and technological development on the energy carrier miredi@tions
and costs for support policies. The implemented decision algorithm applies the following

concepts:

0 The endof-service lifetime of buildings and buildingbomponerd is catulated based on
Weibull-distributions and a calibration of historical investment and renovation cycles
(assuming the Weibultharacteristics in the past renovation activitissperformed see
section4.5.
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o The market uptake of different renovation measures and heating systems are calculated

using a nested logit approadee sectiod.7.

o Different barriers related to diffusion and resource restrictions are considered, see section
4.7.

2. Collecting data

Based on an input dataset for the Austrian residential building stock (Schriefl, 2007),
this thesis develops an updated and highly disaggre@giedtitative)description of the total
heatedAustrian building stock and its energglatedparameters. The developed dataset
enhances existing sets in seversfatheanlys. Fi r s
calibrated quantitative descriptibof the Austrian residential and noesidential building
sector. The current final erggr consumption of space heating and domestic hot water per
energy carrier is calibrated on the level of federal states. Furthermore, it differs from other
databases for the Austrian building stock in its highly spatially disaggregated definition,
which isbased on work that was conducted by the author of this thesis within the projects
APRESENCEO (,R0¢dalKemzleeat2 0Odl4da) and ASol agrgridshi
2014c), both funded by the Austrian climate and energy fund. Building on spatially
distributed settlement areas on a 250x250 meter Bgai(e3.3), the future development of
the heated floor area are estimated for 20 building categories on thefl2280
municipalities. For the policy scenario analysis the data are aggregated into 73 regions
(section3.2). The availability of energy carriers and the shdreuildings located in air
imissionprotection law regions are estimated for 26 redgiodswever, the data structure
allows a redistribution of the scenario results on the level of municipalities or even the
250x250 m grid

Scenario specific data werefthed and developed several projects witinajor

contributions of the author of this thesis.

! Again, only energy related parameters are considered

% Service sector and industry are included except for buildings without regular heating systems such as
agriculturalbuildings (barns, stables, greenhouses, aiclyrgescale industrial production halls.

% Three regions per federal state are defined, except for Vienna which is only divided into two regions.

* Due to the appliedeneric algorithmredistributing tolie 250x250 grid has itsnitations
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2030: Wermebedar f °@éalerardKranzin2018a, »013a)wndlhe r i
projectii P R E S E KK@Bkzbet al., 2014a) have to be mentioned in this context.

3. Carrying out simulation runs

Finally, simulation runs were carried out and scenarios derived. The results of the
model runs are analyzed with considering two dimensions. First, the stability of results and
uncertainties related to the actual implementation of the model and its arpotgiers are
tested (see chaptB). In a second step, the third purpose of this thesis, namely the possible
future development of the energy demand of the Aarstouilding stock and the impact of

policy instruments and general framework conditions is assessed (see ¢hapter

14 Policy Background

During the last decade theilding sector has increasingly come into the focus of
European energy policies (Directive 2002/91/B@ective 2010/31/EUDirective
2006/32/ECDirective 2009/28/EY;, as it is evident that this sector plays a crucial role in any
ambitious climate changaitigation strategy. Significant progress has already been made in
some region and building classes, especially regarding the thermal standard of new buildings.
At the same time, not all expectations regarding the reduction of measured energy
consumptioron a nati onal l evel have been met. The
infrastructure, the slow uptake and diffusion of innovative technologies and rebound effects
have to be taken into consideration in a comprehensigepth analysis of the sectas well
as for deriving effective and efficient policy instruments.

On a European level, three framework directives directly address the energy needs, the
final energy demand of and the delivered energy to buildings. The Directive 2010/31/EU
(EPBD recat) on the energy performance of buildings (EPBD), which is the recast of the
EPBD 2002 (Directive 2002/91/EC), is probably the most important directive for the building
sector. The EPBD recast fosters the requirements on the energy needs and final energy
consumption compared to that defined in the predecessor. Within the directive, a number of

requirements for the energy demand of buildings are defined:

*Translatesti Ener gy s cen adeatdeesnawnrdt iolf 2t&0:househol ds and ser:
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0 Article 3 states that Member States of the European Union have to apply a methodology
for the energy p#ormance calculation of buildings according to a common general
framework set out as defined in the Annex | of the directive. This should ensure that the
energy performance calculations individually performed in each member state are based

on common grouhso that the different countries can be compared.

0 Article 4 and article 7 demand of member states to (a) define minimum energy
performance requirements for buildings, and (b) to make sure that these requirements are

close to the costptimal levels whengplying a lifecycle-cost approach.

o0 Article 6 defines that in new buildings a higHiciency alternative heating system (such
as cogeneration, heat pumps, district heating, and renewable energy carriers) have to be

installed if this is technically and ecomically feasible.

o Article 9 specifies that Member States have to ensure that by the end of 2020 all new
buildings are nearly zerenergy buildingg Thi s st an dabuittingtst def i ne
has a very high energy peerylomamentofenefge] . Th
required should be covered to a very significant extent by energy from renewable sources,

including energy from renewable sources producegitasor nearbyo

The second important European directive, the renewable energy dir@stiective 2009/28/

EC) has an impact on the built environment insofar, as it defines a minimum share of energy

per Member Statthat has to be supplied from renewable energy carriers. Although no targets

for sectors are defined in the directive, stutiia@se shown that the building sector needs to

contribute significantly in order to meet the defined targetscimséefficient way (see

Beurskens and Hekkenberg, 2011; Ragwitz et al., 2012; Turk et al., 2012). Moreover, article

13(4) requests memberststefii nt r oduce in their building re
appropriate measures in order to increase the share of all kinds of energy from renewable

sources in the building sector. o

Finally, the energy efficiency directive (Directive 2012/27/EU) targetsibegy

consumption of buildings in several ways:

0 Article 4 addresses building renovation and demands from the member states (MS) of the

European Union to establish a letegm strategy for mobilizing investments in the

® For publidy ownedandoccupied new buildingghis target has to be reacheddnd of 2018
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renovation of the building stock. Thesrategy should contain policies and measures to

stimulate coseffective deep renovations of buildings.

o Article 5 emphasizes the exemplary role of the buildings of public bodies. This article
statesthatM& s hal | eas famrldandaty a0t14, 3 &6 the total floor area of
heated and/or cooled buildings owned and occupied by its central government is
renovat ed.Tkeaendvated buddings havefiome et at | east t he m
energy performance requirements as set in application of ArtiofeDdrective
2010/ 31/ EUD

o Article 6 demands from public bodies a preference for buildiviishigher energy
performance indicators when renting or buying buildings, insofar as they are cost

effective and economically feasible as well as technically daitab

o Article 9 addresses the individual metering of delivered energy to final costumers of
electricity, natural gas, district heating, district cooling and domestic hot water. MS have
to ensure that the energy meters installed in buildings accurately tefet he cust omer

energy consumption and provide information on the actual time of use.

0 Article 14 addresses efficient heating and cooling and demands that MS carry out a
comprehensive assessment of the application of efficient cogeneration and diatinct he
and cooling. If heat generation units exceeding a thermal input of 20 MW are planned or
if existing units in district heating networks are substantially refurbished, -beosfit
analysis for applying cogeneration or for using waste heat fromyegwbstrial

installations has to be performed.

On the Austrian | evel , "(BMEFUWEM BMWFJ,e Str at e
2010) defines the sheterm energy policy framework conditions. In this document, a final
energy consumption target of 1100 PJZ0RO0 is defined. This target corresponds to a
stabilization of the current final energy consumptMfith respect tahe final energy
consumption for space heating and coqlitgdocument foresees a reduction from 337 PJ in
2005 to 303 PJ in 202010%).

In Austria, the EPBD (recast) is implemented in various documents. The Austrian

Institute of Construction Engineerifigor examplehas released an important document

"Trans!| at es nteor:g yA ASutsrtartieagny fE
81 n Ge rOstermichisdhes Institut fir Bautechitik ( O1 B) .
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defining nearly zero energy buil dP@®8s and in
2012a) for a path towards minimum standard of new and comprehensively renovated
buildings until 2020. With some exemptions this document has already been adopted by the
Austrian federal states. In April 2014, an updated version (OIB, 2014), wkizlc@htains

targets for nosresidential buildings was submitted to the European Commission. Moreover,
costoptimality calculations are carried out to compare the current and different future
building codes with respect to their cagitimality. The Austria national renewable energy
action plan NREAP-AT, BMWFI, 2010) indicates sectoral targets for renewable energy,
including the heating and cooling sector. The document does not distinguish between space
heating and process heat, therefore specific tafgetse space heating and domestic hot

water energy endse sector cannot be derived. After several elaborated legislative proposals,
the energy efficiency act implementing the energy efficiency directive was adopted in Austria
by June, 2014 (BGBI, 2014).

1.5 Def i noift iaopepnieiregdy t er ms

In literature a large number of different terareused to describe the energy demand
and energy consumptithin buildings. However, the commonly used terminology for energy
flows in buildings and associated systemmmtaries is different in various scientific
disciplines and contexts, in particular in the disciplines of energy economics and civil
engineering. In the discourses of energy economists, a community this work addresses, terms
| i lseful@nergy demand dimal efiergy demartd® areoftenused, probably triggered by
their widely usage in the context of energy balances. However, these terms only refer partly
t o the ewsngyneedn gaadiverédenergy as defined by the ENL1
which is well knownin the building physics and civil engineering communities. While the
t e rfimal emergydemard departs Energymset lde pteenmrdm nfg on whet
renewabl e energy carriers are takeergyi nt o acc
need o udeful energydemadd ar e not al ways as clearly dr .
energy calcul ati on st dotzereergidbedanf,e fvehi dlo, tihfe ietx

? German titlefiDokument zur Definition des Niedrigstenergiegebaudes und zur Festlegung von Zwischenzielen
in einem aNm@tionalen Planto

% Energy consumptiorefers to the utilization of energy carriers

“"I'nstead of fienergy demando, also the terms fienergy c
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directly t rusefubdnexgy dethaothe alNogzesrgiebedadf c ords®s pon

t he expeneeggreeedlo msii defined by the EN 15603. Ho v
t he tusefulemergdy, especially related to energy fIl
gl ossary of the AEuropeo6s Eneenregryg i®enagsa Ii0 ( E U
drawn by consumers from their own appliances after its final conversion, i.e. in its final

utilizatono Ander sen (2007), on the other theand, def
demand for energy services such as heating andrigiht, al s o r enérgyservieed t o a
demand . Furthermore he states that:

fUseful energy demand may be the desire to have for example 206Grs1or a
demand expressed in tons of paper production. This means that useful energy demand does
not necesarily have to be expressed in energy terms. However, in an energy systems model,
such as the ones used héreiseful energy demand is generally expressed in energy units.
The demand for 20°C may be expressed in, for example W/m? given the insulation for a

specific type of building.

The following section aims to clarify the system boundaries and meanings of the
different energy related termahich are then consistentippliedin this thesis. However,
when referring to work carried out by other authorpéeglly in chapter 2), the terminology
used in their publications &pplied in this thesjeven though the actual system boundaries
remain unclear and inconsistent. Whenever an unspecific energy flow is addressed in this
wor k, eit herendaghdemaadk pemergygEonsumptiédn i s used. I n th
these terms are meant to describe energy flows with loosely and flexibly defined system
boundaries, somewherelne t we e n  energy need ffimaenefgy demar , enefgy
use® adeliveréddeergyd0. Thenetgedemarai i s used in a context
cal cul ated ener gy dndrgyaonsumsptica drda telsesre dr, e fwenri 4 et di

energy flows.

In this work | focus on the definitions and system boundaries as defined in the EN
15603and EN ISO 13790 standards. Although these terms defined in these norms-are well
known in the building physics and civil engineering community, they are (or used to be)
widely unknown in the energy economics community. Thus, using these terms ofteio leads t

confusion when discussing the results with representatives of the latter group. On the other

12 MARKAL models are meant
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hand, t he

Ci

t ed

st and a rfidabenatgy demani ,

spetcerfm defe

by the European directive 2009/28/EC and thus very important endrgy economics

community. For clarification, thEigurel.1 defines the boundaries for different energy

related terms in this work.

Energy need
[EN 15603:2008]

Heat recovered
in the building
(hot pipes, etc.)

Energy need:
for space
heating, spac

cooling,
domestic hot
water (DHWY

Supplied energy

Final energy
demand
[2009/28/EC]

Heat recovered in the
ventilation system
(heatrecoveryunit)

Electr

Energy use
[EN 15603:2008]

Delivered energy
[EN 15603:2008]

Primary energy
[EN 15603:2008]

Thermal energy
from onsite RES

‘ System losses

'Fuel and DH use
for space
heating, DHW

Electr use for
space heating,

} DHW, cooling

Electr use for
lighting, ventilatior
k auxiliary systems

System losses

DRenewableEnergySources
2Incl. dehumidification

Fuel and DI
delivered
energy

Electric
delivered

k energy

Electric energy
from on-site RES

Trang —
formation
losses

Primary
energy

Figurel.17 System boundaries for different types of energy terms used.

A second dimension of the heating and coaclielgted energy usage in buildings is

not depicted in this figure, but has to be kept in mind: the difference bemessurednd

calculated (standard or tailored energy need calculatioergy need or energy uJénefinal

energy demandas defined by the Directive 2009/28/EC refers to physical flows (measured

data on a national levelpne the other side of the sprerh lies theenergy need based on the

standard calculation approaahhichdoes not incorporate sigpecific parameters such as the

local climate or the actual 24/7 usage of the buildirige tailored energy need calculation

incorporates such factoasdlies somewhere HvetweenThis calculation method ainte

decrease the deviation between the measured energy use or delivered energy and the

calculated equivalents.

The developed Invert/EEab model addresses both approaches: the standard and the

tailored energy demands. The energy needs are calculated based on the standard calculation
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method and a tailored approach, which considers, based on various statisticalupottod
top-down parameters, systematic behavioral aspects such as the dependency of the energy
consumption on the thermal quality of the building envelope, the dwelling specific
conditioned floor area, and the energy costs.

The expressioenergy needssed in the following chapters refers to the standard
energy need calculation approach. Whenever the energy needs based on the tailored approach
are addressed, the expresstorergy needs considering user behaisapplied The final
energy demand shown this work is, if not explicitly stated otherwise, calculated based on
the tailored approach.

16 Structure of this thesis

The remainder of this thesis is structuredoilewed

Chapter 2 starts with a classification of differemtodelingapproaches. It befly
discusses the strengths, weaknesses and typical scope of the different methodologies. Based
on this typology, an overview of existing buildinglated energy models found in literature
and their applications is given. Finallyciassifieshe modeldeveloped in the course of this
thesisbased on the discusseubdelingapproaches andescribes howt departs from existing

models.

Chapter 3 describes the current Austrian building stock, the applied technologies for
heat generation and their observed market trends. It outlines the methodology of how the
spatial distribution of buildings and the applicability of energy carriers is deterntinedd
on these data, the calibration of the final energy demand for space heating and domestic hot

water preparation is shown.

Chapter 4is devoted to the developed model, the InverillaB model. It describes
the applied approach and the three calculatiodules: the energy calculation module, the
lifetime module and thavestmentecision module. For each module, the most important

implemented equations are given and discussed.

Chapter 5 analyses the uncertainties of resdksiving fromthe actual
implementation of thenodeland uncertainties with respect to the decision criteria and

unobserved parameters.
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Chapters 6 and7 describe the scenarios for the Austrian built environment and the
development of its energy demand for space heating. Cléaptdmesthe assumptions for
the main input variables used to derive the policy scenarios. CHapeorts and depicts the
scenario results.

Chapter 8 summarizes the key findings and draws conclusions derived from the

results of the former chapters.
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approaches

This chaptebriefly present&xisting approaches to model the energy demand and
energy consumption of buildings. Such overviews and comparisons have alreadiwbaen
extensively by other researchers, either on a detailed rbgdabdetbased analysis or
already on a meta level (elguntington and Weyant, 2002; Nakata, 2004; Boéhringer and
Rutherford, 2008, 2009; Strachan and Kannan, 280&n and UgursaP009; Tuladhar et
al., 2009; Kavgic et al., 201Guganthia and Samuel, 2011; Keirstead et al., 2012; Olofsson
and Mahlia, 2012Kialashaki and Reisel, 2013 Bfenninger et al., 2013).

Models can beategorizedn several ways. Hourcade et al. (1996) use three
characterististo classify models: (1) the purpose of the model, (2) the model structure and
(3) their exogenously defad input assumptions. Grub et al. (1993), on the other, dafide
six categories to distinguish (energy) mode€l3:top-down versus bottorap, (2) time
horizon, (3) sectoral coverage, (4) optimization versus simulation techniques, (5) level of
aggregatin, and (6) geographic coverage, trade, and leak@geBeeck (1999) defin&s9
dimensionsaccording to whiclmodels can be classified and describes each of these

approaches in her paper:

. General andpecific purposes oénergymodels

. Themodelstructure internal &externalassumptions

1
2
3. Theanalytical approachtop-down vs.bottomup
4. Theunderlyingmethodology

5

. Themathematicabpproach

13 They performed a (meta) review of another 10 meta reviews.

14 Based on Vogely (1974), Meier (1984), APDC (1985), Munasinghe (1988), Kleinpeter (1989), World Bank
(1991), Grubb et.al. (1993), IIASA (1995), Kleinpeter (1995), Hourcade et. al. (1996) and Environmental
Manual (1999)
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Geographicatoverageglobal, regional,national,local, orproject
Sectorakoverage

Thetime horizon: short-, medium, andlong-term

© o N O

Datarequirements

In thefollowing sectiors, | will first briefly describe the underlying methodolo@y

and therfocus on the analytical approa(3).

21 Cl assification based on the un

The fourth dimensionf Van Beeck slassificationtheunderlying methodology,
considers the way the model is driven towards its solutiond&firges 8 commonly used
methodologies(l) econometric(2) macreeconomic(3) economic equilibrium(4)
optimization,(5) simulation(6) spreadseet,(7) backcasting, an) multi-criteria, although
thesedistinctions are, in practice, not always very conclusive. According to her research,
literature distinguishes between simulation, optimization and spreadsheet models only with

respect to bottorap models, even though these techniques are applied {optap models.
The optimization approach

An optimization approach aims for the minimization (e.g. c@&@s;emissions) or
maximization (e.g. profits) of an objective function. The results of sumtiels are solutions
found by the algorithm which are considered as optimal (or close to the optimum) with
respect to the objective (or target) function. Therefore optimization models are prescriptive
rather than descriptive. This means that this approagim  r at herhowt® usetebtdr
ofwhdi® research questions (Ravindranath et al
mathematical approach,defines how optimization models solve the problem. Most energy
related optimization models use commmathematical methods such as Linear Programming
(LP), Mixed Integer Linear Programming (MILP), Mulfibjective Linear Programming
(MOLP) and Dynamic Programming (DP) to derive their solutions. Only some energy models
use more advanced methods such asDNoear Programming (NLP), Mixed Integer Non
Linear Programming (MINLP), and (Mul®bjective) Fuzzy (Linear) Programming
((MO)F(L)P).
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Jebaraj and Iniyan (2006) give an overview of 30 optimization models. Ravindranath
et al. (2007) describe and assasdgher 16 publications related to decentralized energy
planning using an optimization approach. While the optimal allocation of different energy
carriers or the optimal GHG emission reduction targets between different economic sectors
are often analyzed, nerof these publications optimizationmodels focus on emission or
energy reduction strategies within the building sectors. This supports the ciniraloh
position that conventional optimization techniqguer i ch t end to show fipen
b e h a V¥,iare mobparticularly suitable to analyze systems where many individual decision
makers decide on many rather small subjects. The Fuzzy Logic appro&ciz£gr
Programming, FP) constitutas improvement with respect to such model behavior. Similar
(in anon-mathematical definition) to the logit model and otprybabilityapproaches
commonly used in discrete choice analysis, F
anddefinesiihow much a variable is a member of a set. THuszzy Logic approzhes are
more suitable to find realistic solutions for decentralised optimization probEma
medium or high degree of uncertaitityan conventional approaches (Zimmermann, 1978;
Jana and Chattopadhyay, 2004).

The MARKAL (MARKet ALlocatiohmodel, theTIMES (The Integrated MARKAL
EFOM Systemnmodel, the MESSAGE modeaWipdelfor Energy Supply Systems And their
General Environmental impaggtand the OSeMOSY $fpen Source Energyodeling
Systerpare vell-known and widely applied energy system optimizatradels (Pfenninger
et al., 2014).

The simulation approach

The simulation approach does not consider inherently the optimality of a solution but
just aims to explore a solution based on a set of input (decision) data. The optimality of such a
resulting sta can be assessby comparing different solutions, yet this is not within the
scope of the simulation algorithm. Lacking an inherently systematic approacalt@atehe
optimality of derived solutions is considered to be the main disadvantage of thatsim
approach. The benefit of the method is thadels do not need to bsrestricted and
simplified as they need to faptimization approaches order to find a solution that is

sufficiently close to the optimum.

15 The utilization of a technology opti depends only on restrictions of superior technologies options and its
own restrictions. It is independent from inferior technology options.
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Three widely acknowledged amaghplied energy system simulation models are the
LEAP (Long range Energy Alternatives Planning Systemajylel, NEMS National Energy
Modeling Systejmodel and the PRIMES Energy System model (Pfenninger et al., 2014).

22 Cl assificati on b apsperdo aocath otwhheo pa n .

VS. bbwop t om

Another aspect of classifying models is the analytical approach. Literature (see Kavgic
et al.; Nakata, 2004; IEA 1998; or IPCC, 2001) suggests that there are two main approaches
to developing scenarios for the future stata specific system: bottounp models and tep
down models. The principal idea and philosophy behinedtypn and bottorup models
based on IEA (1998) is displayedkigure2.1. Broadly speaking, tedown models, on the
one hand, tackle the research question from an aggregate perspective based on aggregated
economic variable€n the other hand dttomup modelsstart withdifferent technological

options which can besed to supply a specifically desired energy service level.

=  GDP=f(labour, capital, encrgy, others)

ECONOMY or energy subsystem of the economy
—> statistic view

®  population A
*  prices
T *  investment
"""m"l s »  growtheffects . dynamic view
AEEL Price effects. Income effects TInvestment effects
-structural change -substitution effect
-technical change -other
economic activity energy intensity fuel mix
L
co2
Energy Supply Demand for End-use
—% Energy % Energy Emisshons
Services
k
Economy Ecomomy Economy
Activity Activity Activity
subsector A subsector B subsector C
Energy
Technology A
A -investment cost
<operating cost Bottom-up
-efficiency perspective
-service life, etc.

Figure2.17 Top-down and bottorup modelingapproaches. SourckKavgic et al., 2010, based on IERQ98

In general, togdown as well abottomup approaches tend to derive solutions which
are oppositely biased. The main characteristics, advantages and limitationsleftopnd

bottomup models are summarizedTiable2.1.
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Table2.17 Main characteristics, advantages and drawbacks efitomn and (technical) bottoup models.
Source: van Beeck, 1999; Nakata, 2004; Kavgic et al., 2010

Top-down models Bottom-up models
Main Characteristics

Build on an economic approach Build on an engineering approach
Determine energy demand based on Derive theenergy supplystructure¢ on a
aggregate economic indicesch asGDP and disaggregated levélased on technological
(price) elasticities properties
Define nost efficient technologies by Define mostkfficienttechnologies based on
production frontier set by marketvithout technologicabescription,
representing technologies explicitly without considering economic production frontier
Based on observed market behavior Independent of observed market behavior

Reflect potential adopted by the market Reflect technical potential
Giveagssi mi stic esti

nGiveancp)t i mistic estimate

performance
Benefits
Reflect technologies adopted by the marke Reflect technical potential
Endogenously incorporate behavioral Assess (direct) costs of technological options
relationships directly

Considerrelationshipbetween the energy
sector and the broader economy

Capable ofmodelingtheinteractionbetween
economic variables and energy demand

Do not need etailed technology descriptis Enablepoliciesto be more effectively targeted

Cover current andmergingiechnologies in detail

Use physically measurable data

Able toassess theociatcostbenefitof Assesshe effects oflifferent combination of

energy and emission policieseasures technologies

Able to build in ggregated economic data Able to estimate the leastost combination of

only technicalmeasures to meet given demand
Limitations

Neglect the technically most efficient Neglect market thresholds, hidden costs and othe

technologies, thus underestimate potential constraints, thus overestimate the potential for

efficiency improvements efficiency improvements

Are inflexible in addressing different energy Are inflexible in addressing different energy servi

supply structure demandstructures

Describeinteractions between energy sector and

Assume no discontinuities in historical tren ;
other sectorbased orexternal assumptions

Often build on assumption ofiarketswithout

efficiency gaps Describe market interactiopeorly

Are lesssuited for assessingchnology Do not consider the connection betwesrgy use
specific policies and macroeconomic activity
Lack technological detasl Requiremanytechrologicaldata

More advanced models are often implemented as hybrid models (Ka\adic2010;
Nakata, 2004), yet still have set the main focus on one of the two approaches-Botamh
top-down models consider the inertia behavior of the analyzed systems differently and thus
respond differently to changing input factors. The retathips of aggregated variables used
in top-down models are usually more stable than those of disaggregated entities. Thus, by
introducing some toplown constrains to bottomp modelstheirresults become less

unrealistic and unstable ghhortterm effecs.
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2.2.1 Top-down modelingapproaches

Top-down models approach the research question from an aggregated level.
According to Nakat atoxdawiO 4r)e f erhse ttoe rtnh en od popgryo

o of how the relationship between supply and demand is applied based on macroeconomic

theory,
o of how the current economy is depicted using inutput matrices,

o of how the role of prices and costs for production factors such as energy, labor, capital

(andland) are used,

o and of how econometric and other statistical methods are used to derive estimated
elasticities and associated production functions (e.g. the unlimitetineam Cobb

Douglas or the linedimitational Leontief).

Top-down approaches dondirectly consider interrelationships between input and
out put variables in detail. They rather trea
interactions of the output on the input based on dependencies derived from observed
historical data. Therefoithese models typically cover the status or historical status of
the economy and/or energy sector broadly and areswi##d to estimate the near term
system behavior under the precondition that no structural changeiswhich would
ultimately alte observed trends. In reality, these approaches are often applied to analyze the

interactions of the energy sector with the overall economy.

Residential
Energy
Consumption
Top-down Bottom-up
S R : I
Econometric Technological Statistical Engineering
[ . . !
Conditional .
Regression demand MNeural network E."f&’;“‘f” Archetype Sample
analysis istribution

Figure2.27 Top-down and bottorup modeling techniques for estimating the regional or national residential

energy consumptiorsource: SwarandUgursal 2009

Top-down models can be further classified into econometric and technological top

down models (Kavgic et al.020; Swan andJgursal, 2009seeFigure2.2). Technological
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top-downmodels extend the econometrical models by incorporating effects such as
technology saturation (Bento, 2012a; Bento, 2012b; Gribler and Nakicenovic, 1991) or
structurdchanges within the economy without explicitly describing them within the model.

Two commonly applied types of how talown models find their solutions (Nakata,
2004) are the equilibrium models and the (partial equilibrium) optimization models. The
equilibrium models (computable general equilibrium (CGE) models) find their solution based
on microeconomics (IPCC, 2001). These models contain equations which define supply and
demand based on production functions for production factors such as raw materialsoa
and their associated prices and wages. The rsmdiedr algorithms then search for solutions
for which the depicted economy is in equilibrium. (Partial equilibrium) Optimization models,
on the other hand, allow that the ydgryear solutions diffr to some extent from the
economic equilibrium state. These types of models search for solutions, which minimize or
maximize a specific objective function (e.g. cost, revenues) within or after a given time

horizon.

A comprehensive overview of teown malel approaches, developed/implemented
models and their applications is given by Bourdic and Salat (2012), Firth et al. (2010),
Uihlein and Eder (2019), Grigorova (2012), Ratti et al. (2005) or Réyeward et al.

(2008).

A top-down model for the Austriamobility and heating sector with focus on
sustainable consumption patterns is presented by Kletzan et al. (2006). They develop a top
down econometric model, which incorporates three main components: (1) production
functions for energy service, (2) capigaicumulation functions, and (3) demand functions for
energy services. Contrary to the rgassical approach, demand functions for market goods
are not defined purely based on relative prices, but are adjusted by the capital stock in
investment goods (imdistructure). They also implement several household types,

di stinguished by their Aconsumption sustaina
survey data. The energy demand for heating-@lentrical energy) is described by the capital

stock wit an elasticity 0£0.783°, and the heating degree days (HDD) with an elasticity of

+0.693. The residential electricity demand, which includes also some energy for space

heating and domestic hot water (DHW), is defined by the independent variables HDD, the

8 The energy demand decreases with additional investments in the building stock
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electricity-to-non-electricity price ratio and a trend. Two scenarios for the energy service

Aheatingo are defined: (1) #ABuilding regul at
indicator standards and (2) fAbemamdl shhbtuséh
towards fisustainabl ed households and the eff

2.2.2 Bottom-up modeling approaches

In bottomup models the analyzed (complex) systems emerge from pitagether
subsystemspftendescribed in mengireeringbased wayThe interrelationships between
input and output data are explicittyodeledbased on actual processes. Compared to top
down approaches, the analyzed systems in beti@models arenodeledon a highly
disaggregated level. Therefore adufithltechnologicalandstatistica) data and/or expert
estimates are needed to describe the technical behaviors and effects on the output variables of
each suksystem (Shorrock and Dunster, 1997). Bottigpnmodels can be classified further in
statisticaland engineeringpased models (Swan and Uqursal, 2009 Fegere?2.2).

Bottom-up statistical building stock energy models

Swan and Uqursal (2009) give a comprehensaveew of statistical bottorup
models of the building sector. This model type uses statistical methods, mostly regression
techniques, to determine the intetationship between energy demand and different input
factors.

Statistical bottorrup models areften used to assess the energy consumpfian
building stock as a function of macroeconomic variables such as household income or GDP,
energy price or technological variables such as climate conditions, househgtdikizeg
type or efficiency of bildings (e.g. Halvorsen, 1975; Biermayr, 1998; Summerfield et al.,
2010). They can either be formulated as aggredatexiseriesnodels (Haas and Schipper,
1998; Lin and Liu, 2015, Kialashaki and Reisel, 2013), as s®ssonal models (e.g.
Biermayr, 198; Haas et al., 1998; Aksoezen and Hagtlat., 2015) or as combination of
both approaches (Halvorsen, 1975). Most bottgorstatistical models apply common
regression techniques to find the model solutidre application of conditional demand
analysis (CDA) and neural network (NN) statistical botigonmodel approaches are
described by Aydinalp et al. (2002, 2003, and 20Rjlinalp-Koksal and Ugursal (2008)
compare their applicability for analyzing thedeumse energy consumption in the residential

sector with engineering approaches
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Mastrucci et al. (2014) develop a statistical botgomodel based on a segregated
multiple linear regression model at city scale. With the developed model they analyze the

erergy saving potentials of the residential building stock in the Dutch city of Rotterdam.

Newsham and Donnelly (2013) present a statistical bettprmodel for Canadian
households. Using a set of close to 9800 survey data on the total household enengy use a
appliance ownership accompanied by heatamgl coolingdegreedays, a conditional
demand analysis is applied to estimate the energy consumption of different energy carriers
and eneuse appliances. By comparing the average energy consumption of diéedarse
categories with those of efficient appliances, estimates to identifeffasent energy

savings potentials are provided.

Aksoezen and Hassler al. (2015) develop a statistical bottoiqm model and apply it
on a vintage building stock moddithe Swiss city Basel. Their model describes the energy
consumption of buildings through correlations of specific building characteristics including
parameters such as building compactness, construction age, exposed surface area, number of
people, or expeed elevation area. The influence of the explanatory variables is quantified by

applying the ChiSquare Automatic Interaction Detector (CHAID) method.

Kialashaki and Reisel (2013) present two statistical betipmrmodel approaches:
regression models andrée neural networks models, which do not rely on isoelastic
dependencies. The energy demand of the residential sector in the United States is evaluated
using a set of six different model formulations (three regression models and three neural
network models The input factors for their model are time series from 1984 to 2010 for
population, GDP, household size, the median household income and the costs of electricity,
gas and heating oil as well as efficiency variables for the heating system and the useful
energy intensityAn application of a (hybrid) neural network model, the CHREM (Canadian
Residential Energy Endse Model) is presented in Svan et al. (2013).

Common to all bottorup statistical models is that they derive the effect of the
independent vaables (e.g. price, GDP, HDD, etc.) on the dependent variable (e.g. energy
consumption) from historical datand do not cover the analyzed system in much detail
Structural changes such as discontinuous introduction of new technologies or behavioral
changesandchanging social norms (increasing awareness about climate change and GHG
mitigation) are outside of the scope of these mod&sgic et al., 2010)Thereforeheir

ability to evaluate the impact of a wide range of future scenarios is restricted.
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Bottom-up engineeringbased energymodels

A considerable list of studies, literature and models exists with respect to the
description of the buil di rgsédbottemupemodels. d e mand
Swan andJgursal 2009) identify three differertategories: population distributed, archetype
and sampldased approachéBigure2.2). Another dimension, not shown kigure2.2, is
whether the scope is set on a predefined static building (sprEsgiblyconsidering dynamic
environmental conditionétatic model)or whether the focus of the model and the objective
of the analysis is set on a changing building environment und constant or dynamic

environmental conditions (dynamic model).

Energy models based on the building physics calculate energy needs, figsl ene
demand, and/or delivered energy based on thermodynamic calculation methods. Buildings are
described to such a technical degree that it allows to cover all relevant input and output
energy flows. Therefore quantitative data need to be available onitted geometry and
the thermodynamic characteristics of boundary layers (e.g. walls, roof, and windows), the
efficiencies related to heat supply and distribution systems, as well as on the utilization of the
building (e.g. indoor temperatures, ventilatiates and internal gains through occupants and
energy consuming appliances) and on the environmental conditions (e.g. outdoor temperature
and solar radiation). The actual degree of detail in the description of the building depends on
the core energgalaulation enginel{avgicet al., 2010). With respect to the primary aim of

the analysis and trevailability of data, a model or model category is chosen.

A severe shortcoming of pure nstatistical engineerinased bottorup models
(building physicsbottm-u p model ) i s that the occupantds
appropriately (see Heeren et al., 2013). Numerous studies have shown that the occupants have
a significant influence on the building related energy consumption (e.g. Biermayr, 1998;
Majcen et al.2013; Holzmann et al., 2013; Loomans et al., 2008; Steemers and Yung, 2009;
Schweiker and Shukuya, 2010). Therefore adding statistical boiposiements to the basic
technical bottorup model significantly improves the forecast results.

Samplebasednodels are applied to analyze the energetic behavior (e.g. energy need,
energy use, delivered energy) and eventually associated environmental impacts (e.g. primary
energy consumption @O, emissions)n detail for individual buildingsRigure2.2,

ASampl ed based -@mgdels).€hese madegs ofieo tlemandh(for such a

purpose) a very detailed description of the analyzed building sindaigeindallow multiple
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thermal zones within the building and complex building geometries. They usually belong to
the category of static models with respect to the building stock. The energy flows are either

calculated using a seratatic monthly apprazh (e.g. the SBEM (Simplified Building Energy

Model)})’) the Al BP: 185990 soft war ¥ orthe spteadheetv el op e

models developed by the Austrian institute of construction engineering'@p@simple
hourly dynamic (see spreatheetmodel applied by Zangheri et al., 2014) or a detailed
dynamic simulation approach on a sidily resolution (typically hourly or subourly).
Representatives of the later model family are TRNSYS (TRNSYS, 2013), EnergyPlus
(Crawley, 2001pr the eQue&! tool (which is based on the D& calculation engine).

Archetype engineerinbased bottorup models (seEigure2.2) aim todivide a larger
set ofbuildings (a building stock; either regional, national or international)dluisters of
typical buildings. Each cluster (or cohort) represents buildings with similar characteristics
such as primary building usage, construction period, building sizeigeffy classes, and

eventually the existing heating system and climate zones or other parameters. The energy

demand of the building stock is then assessed based on a defined set of reference buildings.

The available statistical data for a larger builditagk are usually limited. Therefore these
analyses typically deploy a less detailed calculation method (compared to the model class
described above), as the uncertainties related to input data are larger than those associated
with simplified energycalculaion methodsThese types of models are either used to define a
static building environment (e.g. in theoject: TABULA (Amtmann and Grol3, 20)br in

its predecessor, the project EPISC3PHo analyze the energy demand of a static building
stock in a dgamic environment (e.grung, 2003 or to evaluate the development of a

dynamic built enwionment and the associated trajectories for energy demand and energy

consumption.

7 http://www.bre.co.uk/page.jsp?id=7.06

BFraunhofer Institut f¢r Bauphysi k: Software @Al BP:

19 http://www.oib.or.at/sites/defadliies/eawge-201201-01-v10b2.xls;
http://lwww.oib.or.at/sites/default/files/e@gv-201201-01-v10b2.xIs

“The Quick Energy Simulation Tool (2014) http://doe2.com/equest
2 DOE-2, Building Energy Use and Cost Analysis Tq@014) http://doe2.com/DOE2
2 http://lepiscope.eu/
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(Dynamic) bottom-up approaches with exogenous decisiemaking algorithms

In their papeMattinenet al. (2014) present the engineerlrased bottorup model
EKOREM. The model applies an energy calculation method in accordance with the EN ISO
13790 augmented by empirically derived utilization factors. The effects of differergyen
efficiency measures and changes in the utilization behavior are shown for the Kaukajarvi
district located in the city Tampere, Finland. The variable time is not explicitly addressed in

the model; thus, the model rather belongs to the category aftbtati dynamic models.

Mata et al. (2013a) presentsienilar analysis done for Swedish residential building
stock. Theyapply the engineeringased bottorup model ECCABS (Energy, Carbon and
Costs Assessment for Building Stocks, Mata et al., 2013b) on the Swedish building
environment. The ECCABS modsla Matlab/Simulink (MathWorks, 2010) implementation
of the EN 1SO 137@:2008 quassteady state energy balance calculation staAtianctheir
paper, the Swedish residential building stock is represented by 1400 reference buildings; 12
energy saving measures and their associated costs are defined. The effects of the (a) full
application (technical potential) or (b) the application of only the economic potentials on the
final energy demand and G@missions are then evaluated and discussed. Behavioral effects
and other rebound effects are not considered in their study. Timatesof the applicability
of refurbishment measures does not directly

model framework also represents a static approach.

A dynamic method is used I8artori et al. (2009) for the Norwegian building sector.
They describe a developed archetygased bottorup model and perform a scenabased
analysis for the energy demand. The specific energy needs of the building stock are based on
different sources, and are not calculated within the model. The alloweyleresrds of the
Norwegian energy classes (energy performance indicators) define the different refurbishment
options. The efficiencies of the different heating systems are defined by the overall efficiency
of the technical building systems. Constructiormdktion and renovation activities, as well
as the chosen refurbishment and heating system options are explicitly defined and not within
the scope of the model. Six different scenario setingference scenarios and two settings

with different assumptionsn newly installed heating systems (thermal energy carriers versus

% Although the energy need calculation is performed on an hourly resolutioas#tised that the indoor air
temperature and the temperature of all internal layers are identical. This implies th&t mode! (see
sectio.4.2) is applied.
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heat pumps, each with and without energy conservation measaresirawn up and the

results for the delivered energy are compared.

A similar analysis is performed by Broin et al. (2018)tHeir paper they apply a
bottomup model to analyze potential energy savings of the building stock in ## EU
countries. They descup bendgihmree emoidred \‘aar iaa mMtho t
definitions set by the World Bank (2009), Sorrel (2004) €hateau and Lapillonne (1978).
The energy needs and the energy consumption are defined basedlowtomdicators and
not calculated endogenously by applying an integrated building physics model. In their
model, the incremental change of the energyated of the building stocks is defined by six
exogenously defined factors: the annual construction rate (C), the demolition rate (D), the
increase in living standard (S), the continuous improvement in efficiency measures (F1),
onceoff efficiency measure@2), and finally, renovation cycle efficiency measures (F3).
Trajectories of the energy demand and relateg-€@issions until 2050 are shown and
di scussed in three scenarios: a fABaseline Sc

Scenari oo0.

In his thesis Cost (2006) develops a dynamic bottqggrmodel for the Swiss vintage
building stock, which considers the energy demand for heating and domestic hot water
preparation. In his model, the area specific energy needs are not endogenously calculated
using abuilding physics model, but are derived on adopvn basis. Also, other important
scenario parameters such as the realized energy savings due to energy efficiency measures
and the type of heating systems installed are defined exogenously based ojuégpent.
These assumptions are altered in different scenarios, and the effect is assessed and discussed

on an aggregated level.

The methodology presented by Tuominen et al. (2014) extents the dynamic
approaches discussed above by incorporating an enigigéaised buildinghysics model to
calculation framework. By applying their archetylpesed bottorup model they draw
scenarios for the heating energy consumption and the associateah@Sions of the
Finnish building stock until 2050. The describedrapgh uses two tools. The first
dynamic simulation tool (IDACE software packaggedlerives the energy demand of
buildings. This tool is applied to the developed set of representative buildings. The second
tool used in their analysis is the developedvRREspreadsheanodelingtool. The REMA
model is described as a light, simple and flexible tool that allows analyzing the effects of
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changing the scenario input parameter instantaneously. The REMA model does not
incorporate any dynamimodelingbut assumea linear development instead. The

economicality of technology options are not directly considered and the scenarios are mainly
based on exogenously defined input parameters such as estimated rates of construction,

renovation and demolition as well as ré&fishment standards.

A similar engineeringbased building stock bottoop model is presented by
Olonscheck et al. (2011) and applied to the German building stock. The buildings physics
modeldeploys the concept of heating and cooling degree aayss lased on the German
industrial standard DIN 4168 (DIN 41086:2004). By applying different assumptions for
renovation rates (1%, 2% and 3%&@mperature increase triggereddiynate change until
2060 (1°C, 2°C and 3’C), increasing heated building stock area and the saturation level of
cooling devices (13%, 2.5% and 1%), the effects on the heating and cooling energy demand
and GHG gas emissions are evaluated in three sosnari

The innovative aspect of the model presented by Heeren et al. (2013) results from
introducing the concept of technological diffusion. They develop a dynamic engireering
based model, applied to the Swiss building stock. Retrofitting rates and dematito
construction rates are defined exogenously based on data taken from literature (Jakob and
Jochem, 2003). In their work a reference scenario for 2050 is compared to two efficiency
scenarios. The diffusion processnedeledbased on the Bass model @a1969) and limits
the penetration speed of enemgynservation technologies. The diffusion parameters for
heating and ventilation systems are based on Usha Rao and Kishore (2010). Based on an
iterative expert discussion process, the main parametdigderscenarios, typical business
asusual scenario (R1) and two efficiency scenarios (E1 and E2), are defined exogenously and

the evolution of the ecological impact based on a life cycle analysis are determined.

Anotherstep towards a higher degree oflegenously defined variablesappliedby
McKenna et al. (2013). They present a buildgtgckmodetbased analysis, which is used to
determine whether or not Germanyods energy sa
realistic and can be reachby 2050. They differentiate between various building types, and
between building size, age, location (old and new federal states) and specific energy demand
levels.In addition to publications discussed abaefurbishment rates are endogenously
modeledby using data form ARGE Kiel (Walberg et al., 2011). Demolition is still defined
exogenously and the specific energy demand is taken from Ebel et al. (2000) and not
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calculated endogenously. Conclusions are drawn on the basis of the results of fivetdiffere

scenario settings.

Uihlein and Eder (2010) define additional variables endogenously. adsegs
possible energy savings and GHG emission reduction potentials and associated costs for the
EU-27 building stock up to 2060. The applied model represemeishaical building stock
model. In addition to the publications discussed above, the model framework endogenously
calculates the building construction, demolition, and renovation rates as well as energy
demand for space heating. However, the decision@pribrgy efficiency level of the applied
renovation measure is still defined exogenously and remains outside the scope of the model.

A similar approach is chosen by Hansen (2009). In his thesis he develops algottom
model to analyze the energy savinggudial through thermal building refurbishments of
residential buildings in the EW5 countries. In a later publication, his database is extended to
the EU27 countries (Hanser2011). In the presented model the buildings of the national
building stocks & distinguished according to building size, expressed in households per
building (2 clusters: buildings with less than 3 households per building and buildings with 3
or more households per building) and the construction period (6 construction peridias). In
model the energy needs of the building stock are calculated using the conditioned floor area,
transmission and ventilation energy losses per cohorts, the internal and solar gains as well as
heating degree days per country. The refurbishment optionermepted in the model
include measures related to the building envelope as well as to the heat production and
distribution inside the buildings. The potential energy savings are evaluated based on the
potential specific energy savings (kWh/m2a) per coblodter and the future refurbishment
rate derived from applying a statistical service lifetibased approach. Concerning the
reference energy demand of thermally refurbished buildings, the regulatory demanded energy
needs of newly constructed buildinge takenas reference. In the model the product of
specific energy savings and the derived renovation rate constitutes the energy saving
potential. This saving potential is compared to realized energy savings per country for the
period between 1990 and 200he ratio of realized energy savings and derived energy
saving potential for the same period (1992001) constitutes the degree of the historically
observedefurbishment potential exploitatid®A. According to his analysis, this factor varies
for theEU-15 countries between 0% (Luxembourg) and 99% (Sweden). The Austrian PA
index of 16% constitutes the (more or less) median value of 16.5%. While the refurbishment

rate is endogenously calculated in this model, the developed scenarios imply exogenously
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defined refurbishment potential exploitatid®?A parameters and exogenously defined shares
of types of newly installed heating systems. Thus, the evaluation efgotatory

instruments such as financial instruments is not within the scope of this model.
Dynamic bottom-up approaches with endogenoudecisionmaking algorithm

The bottoraup approaches shown above set their scenarios mainly on exogenous
defined input parameters concerning the future development of the built environment and its
stock of heat supp systems. So far, only a few models have also calculated the decision
making processes endogenously and have been capable of endogenously deriving the
development of technology and the energy carrier mix of heating, cooling and hot water
systems based @tonomic factors.

The National Energy Modeling System (NEMS), according to Wilkerson et al. (2013),
is one of the most influential energy models in the United States of America and the flagship
model of the U.S. Energy Information Administration (EIA). This model is usddrige the
official forecasts for energy supply and energy demand, technology adoption, and prices.
Furthermore, the EIA uses the NEM®delingframework to analyze environmental and
energy policies or to derive ergy©Outlooksedes.i cal b
The NEMS framework consists of 13 sub modules, of which two are the Residential Demand
Module (RDM) and the Commercial Sector Demand Module (CSDM). These modules are
bottomup building and appliance stock models, although they doxplit#ly incorporate a
building physics model. The approach of these modules extends that of the reviewed bottom
up models described above by introducing an endogenous decision module. While the CSDM
applies a segmented leaststapproach (considering s@ behavior rules), the RDM applies
a logitapproach for ten major engse services (Wilkerson et al., 2013; EIA, 2014) to
determine the market shares of competitive technology options. The decision criteria used by
the logit approach are capital costs apérating costs. A consumer preference is defined to
weight these two parameters and derive a single decision parameter per technology option. In
their paper, Wilkerson et al. conclude that the model responds robustly with respect to the
consumer preferene p a r a negdasnable adjastimerit of the modestly impact the final
energy demand of the buildingseétar The | i feti me of appliances
Weibull distribution, and existing households (= existing buildings) are renfouedhe
stock at a constant rate over time
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A similar approach to forecast the energy demand of the building sector is
implemented in the Buildings ModuldD¢Forest et al., 20)8 the Sochastic Buildings
Energy and Adoption Model (SBEAM of the Stochastic Energy Diegment System
(SEDS). TheSBEAM is an fiengineeringeconomié model with technology adoption
decisions based on cost and energy performance characteristics of competing technologies;
again a building physics model is not directly implemeng&DS focusesn modeling the
economywide energy costs and consumption with minimal user effort or expeMesemdy
et al., 2008) Thus, the SEDS design (aBBEAM) favors simplicity over detail, unlike the
NEMS and RDM. The lifetime of buildinglemens and applianseis calculated using a

logistic decay function.

A hybrid model, the Global Change Assessment Model (GCAM), is presented by
Zhou et al. (2014). kmbeds bottomup servicebased building stock energy model for the
US in an integrated assessmentdopyn modeling framework and belongs therefore to the
group of hybrid models. In this model, the investment decisions process with respect to
heating systems is endogenously defined, for which ddwal nested logit approach is used.
On the top level, the deston about the main energy carrier is defined; the second level
defines the efficiency classh& main decision criteria are the relative cost of each technology

option compared to competing technologies.

Henkel (2012) develops a statistical vintage stoatomup model, which is used to
analyze possible futures for the energy demand of the German building stock. The heating
systemsrelated investor decisions are endogenoaslgeled The decision algorithm is
based on a multinomial logistic regressiond®lo for which the coefficients are estimated
based on an online survey conducted in the course of his work (233 samples are used for

model estimation).

A similar approach for the German residential building sector is chosen by Bauermann
(2013). He develos a building stock model for the German residential sector. The model
presented distinguishes 75 building categories (5 different building types, fromfsimgie
houses to tower blocks, and 18 age classes from before 1918 and until 2050). While the
refurbishment rates are defined exogenously, the replacement cycle of heating systems are
calculated endogenously. The decision process of households with respect to new heating

systems is alsmodeledendogenously. Like in th@ CAM, a nested logit model issad. The
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main decision parameters are the full annual heating costs, augmented by factors of investor

preference and technology diffusion.

The FORECAST mod&! constitutes another model framework, which can be used to
develop mediumto longterm scenariofor different regions based on a bottom
simulation approach. With its four individual modules: industry, service/tertiary, residential
and others (agriculture and transport), it is able to cover the whole economy. Investment
decisions arenodeledendogenously by applyingw h e n e v e 0 a lggibapoadh.| Tiee
main decision variable constitutes the total costs of ownership. The model framework

furthermore considers technology diffusion and endogenously defined replacement rates.
The Invert/EE-Lab model: endogenously and exogenously defined parameters

The developedhvert/EELab differs from themodels discussed above by its high

degree of endogenously defined variables and can be added to the group of

o0 dynamic,

o

(building physics) engineeriAgase archetypes
o hybrid bottomup models

0 augmented by statistical bottemp elements (user behaviarincome and price

elasticities

0 and statistical tojplown elements such as cossource curves for energy carriers

and market diffusion effects
o with endogenously modeled construction, renovation and demolition activities

o and endogenousiynodekdinvestmerwdecisionmakingfor renovation measures and

heating systems replacement, applying a nested logit approach

o considering different types diffusn restrictions

A list of importantendogenouslgndexogenouslylefined input parameter is given in

the following table.

% http://lwww.forecasmodel.eu
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Table2.27 Endogenouslhandexogenouslyefined central input parameters

Endogenousy calculated

Exogenously defined

il

il

=

Building demolitionand construction
rates

Renovation rateand replacement rate
of heating system

Energy need and final energy
consumption

User behavior

Share of competing refurbishment
options

Share of competing heatipply options
Partly energy priceby empoying the
concept of costresourcepotentiat
curves

il

f
f
f

=

= =4 =4 -4 -4

Geometry of buildings

Usage of building

Existing building stock

Energetic properties of components of
existing building stock

Reference ergy price andcost
resourcepotentialcurves

Development of number of buildings pe
building category, climate region and
energy carrier region

Available technologies, their energetic
properties and costs

Income and sectorial value added
Climate conditions

Availability of erergy carriers per regiot
Investor preferences

Policy measures: Financial and
regulatory instruments
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3 The Austrian building sto
demand for spdei®phe@an atgi

This chapter intends to give an overview of the present building stock in Austria and
its energy consumption for space heating and domestic hot water preparation. A focus is set
on the regional disaggregatiohthe building stock and the applicability different energy
carriers. Furthermor¢he applied energy carriers and their installation rasesell aghe

renovation activitie®f the last two decades are discussed.

31 The existiogl Ausgresanchk

Thedeveloped input dataset describing theexnt Austrian building stocks
implementedased on sources mainly from the national statistical bureau. On a municipal
(A"Gemeinded) | evel (2380 municipal sgndt he f ol
Wohnungs z?2 R(StatisicAudtfa)2D®a), i Ar bei t sst2tfenzahl ung
(Statistic Austria, 2009bfi Fe ges g el | t e Ge b2 f'atistitiAustri®Vo hnun g e
20099.0n t he | evel of federal states (fiBundesl?
publication seri es @ WohhungserhelOgdn2MikroEensyie b ni s s e
Jahresdurchschni20022u n t i | i Wo Ergelenisse 8ed \Wahnungserhebung im
Mikrozensus Jahresdurchschi@@lZi (Statistik Austria, 200320052012 are usedThe
thermal quality of the buildings calibrated usingech et al (2007), Amtmann and Grol3
(2011) and Schriefl (2007). The data are also echesked with Hansen (2009).

®Tr ans | #ousirg (buildings aind dwelling€ensus 200
®Tr ans | &£ensus of Enterprisés and their Local Units of Employment®001
ZTr ans | gLomplstedtnew:buildings with dwellings

BTransl ates to: fAHouKlitcrotensu2®®2,0 results from the
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Figure3.17 Number of dwellings per federal state and residential building category

The subsequently discussed analysis of climate conditions is performed on the level of
municipalitie$®. Furthermore, the regional applicability of energy carriers is assessed on a
submunicipalitylevelFor t he cal cul ati on of tda@onbaui | di n.
municipal levelare used, which are then clugigmto different (not necessarily contiguous)
regional zones, according to their ssfgecific conditions. At théme this analysis wasahe,
dataon this regional level were onfwailable(for free)for the reference year 20¥1For the
extrapolatiorto 2008 (and up to 2050 in the scenaridgfa orthe historical development of
the population in each municipal regi(®tatistic Austria2012)), the regional dwelling
forecast for 124egions Hanika, 2011Hanika et al., 2001 and the populatioforecast per
population density (inhabitants/km2: >1750; 17550; 1256900; <900; not within
settlement clusters) for 118 regions (Millerlet2012)is used.

# This task was performed blye Department of Metrology of the University of Life scieircéhe course ofhe
projectPRESENCHKranzl et al., 2014a)

%01n 2014, the data of the nawgisterbased censyserformed in 2011 were published:
http://www.statistik.at/blickgem
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3.2 Regional di stalgpemree gyt idemanfd f

condi

t

i oning and DHW and avai

3.2.1 Climate regions

Theparameteguidelines for the calculation of the energy performance certificate

(ONORM B 81162) define 7reference climateonesfor Austrian.Based on a threeontour

layer model (altitude below 750 m, 76500 m and above 1500 m) the site specific climate

conditions are calculated applying a linear regression model using the site specific altitude.

In this work | use an alternative cluster approach, demvigdn the Presence project

(Kranzl et al, 20149) by the Department of Metrology of the University of Life science

(Schicker andrormayey 2012) In the course athis project, the population weiglskelimate

conditionsof each Austrian municipalitis clustered by the average summer temperature,

winter temperature, as well as the summer and winter solar radiation. This appsdism

16 climate clusters. Since the appliedthodologydefinesthethreshold values for the

temperatures and solar radiation in the beginning, the number of inhabitants and thus the

energy needs for heating of the derived climate zwagssin a wide range. Thus, in a

subsequent step, some clustesaggregatedThisresulsin a set of 10 climate clusters

populated by @omparable number afhabitantsvhichis used in this workseeFigure6.8).

Clilmate clu".sters
Wiz
1121
1122
| 2111
L | 2112
211222
L 2211
2212
L W 222172222

W 31127312213212/13212

Figure3.27 Climate regions used in this work.
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3.2.2 Estimate of the regional heat demand density

A further regional disaggregation of the Austrian building siedonein this work.
The garting pointareregionalCorine Data om 250x2% mrasterthatdefinesapixel as
settlement aread at least6 peoplelive or work in this aregbased on thélousingCensus
2001, Statistik Austria, 2008

Settlement areaand area of permanent settlement

I Settlement area:250m grid with at least
6 inhabitants or employees andGorineLand Cover
(CLC) Codes: 111,112,121,123,124,142,
["1 Area of permanent settlement:
CLC Codes: 1311, 211242

|Non-permanent settlement area:

RemainingCLC Codes Q: STATISTIK AUSTRIA, Volks- und Arbeits-

stéttenzahlung 2001; CORINE 2000.
[ S Erstellt am: 05.09.2008.
(translated)

Figure3.37 Settlementrreas in AustriaSource: Statistik Austria, 20081y translation

This informationis merged with the number of inhabitants on 1x1 km level (Statistik
Austria, 2006)Usingthis data, a population density functisrestimatedtangeniplane
based for 50x50m grid). is assumed that the energy density of residential buildings
correlates witlthederived population density functiobut this iscorrected by the density of
surrounding areas, leading to higher energy demand densitiescientes of settlement
areasand lover energy demands theouter zones. For neresidential buildings, a uniform
distribution oversettlement areds given a weight of 30%wyhile 70% correlates with the
density function of residential buildingBhe number of buildings and dwellings oenlding
type andconstruction period on the regional leveR380 municipalitiesi{f Ge me i)fod e n 0
the year 2001 are taken frahee Housing @&nsus 2001Statistik Austria2004ai) and the
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Census of Enterprises and their Local Units of Employnfe2@01 Statistik Austria2009h).
The development of the built environment between 2001 andi2@s@mated using the
number of housholds per energy carriers used for heating and construction period (2002
2012 based orthe annuaMircocensussurveys $tatistikAustria, 200320052013). The
number of residents, dwellings, buildings and working piacensiderean alocal level of
settlement¥ (~17,000settlements The Invert/EELab Modelis used to calculate the energy

density for heatingnd domestic hot water

Figure3.4 1 Calculated energy needs for heating density in Austria
3.2.3 Estimate ofthe regional availability of district heating

Existing district heating networks

Currently, abouB0% of the totaAustriandistrict heating sales occur in Vienna,
another 20% in 8 cities: Graz, Linz, Salzburg, Klagenfurt, St. Pdlten, Wels, Villach and
Lienz. Besides these (and some other relatively large heating grids, e.g. Kufstein) an
estimated number of more than 1100 ratmeall,biomassfueled district heating networks
existedin 2008 (LEV, 2008a2008b).

German title: AArbeitsstatten und Beschaftige

2InGeg man: A@AOrtschaftend
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