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Abstract 

In the past 10-15 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 regarding the 

thermal standard of new buildings. However, not all expectations regarding the decline of the 

national energy consumption of the considered end-use energy sector have been met.  

One objective of this thesis is to (a) develop a model framework which is capable of 

assessing the mid- to long-term trajectories of the energy needs of heating, cooling and 

domestic hot water. It also assesses the associated final energy demand and how this 

development might be affected by different (policy) framework conditions. Furthermore, it 

(b) develops an input dataset for the model of the Austrian building sector, and (c) analyzes 

different futures for the assessed sector. 

The outcomes of the first two objectives result in the Invert/EE-Lab model, a 

comprehensive modeling framework and a highly disaggregated numerical description of the 

Austrian building stock. Methodologically, the developed model is an engineering-based 

bottom-up model augmented by statistical bottom-up elements. The model kernel consists of 

three modules: the building physics energy calculation engine, the building demolition and 

building element replacement calculation module, and the investment decision module based 

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

The Austrian 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 scenarios, the ñwith existing measuresò (WEM) scenario 

and the ñwith additional measuresò (WAM) scenario, describe (a) the currently implemented 

policy measures (implemented in 2012) and (b) additional measures, which are likely to be 

enforced within the next few years. According to these settings, the final energy demand will 

be reduced by between 15% (WEM) and 17 % (WAM) until 2030, compared to level of 

2012. The third policy scenario implements additional, more ambitious policy settings after 
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2020. These policy settings in the WAM+-scenario will trigger additional energy savings of 

8 TWh, resulting in a total reduction of 25% until 2030 compared to the level of 2012. 

Finally, the impact of the climate change on the energy needs for the heating and 

cooling of the Austrian building stock until 2080 is evaluated. Under IPCC-A1B climate 

conditions (~3°C-scenario) 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 temperatures. Depending on the regional climate 

model, cooling needs will increase by about 60%-100% until 2080 (40%-60% until 2050) 

compared to current climate conditions. 
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b Scaled variance of decision parameter [ -]  
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1 Introduction 

1.1 Motivation 

The European directives and policy framework documents require member states to 

monitor and report regularly the progress regarding renewable energy employment and 

energy efficiency improvements (see section 1.4). In order to properly assess the effects of 

implemented policy measures as well as the impact of future target settings, well-established 

and scientifically-based tools are required. Therefore there is a growing need for tools 

investigating the energy demand in the building 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 with specific strengths, limitations, features and focuses have 

been developed so far (see section 2). Considerable challenges have to be addressed by these 

models with respect to data requirements and data availability and the scope aimed at in the 

subsequently performed analyses. Thus, different top-down and bottom-up approaches have 

been chosen to overcome these challenges, and models which are either mainly built on 

statistical data (e.g. econometric models, input-output top-down models, statistical bottom-up 

models) or which rather describe the underlying processes, technical or socio-economic (e.g. 

CGE-models, engineering-based bottom-up models) were developed. Furthermore, 

approaches can be distinguished according to their underlying mathematical solving 

mechanisms, such as optimization or simulation, and/or the degree of freedom (e.g. tools with 

or without endogenous decision-making algorithms).   

The work presented in this thesis contributes to this field of research by developing 

and applying the Invert/EE-Lab model. This is a techno-socio-economic bottom-up cohort 

model of the building stock. It endogenously calculates the replacement of buildings and 

building components and the market acceptance of different renovation measures and heating 

systems. This thesis develops the methodology and discusses selected scenarios and their 

results in the case of Austria.  
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1.2 Objective and scope 

The main objective of this thesis is to (a) develop a comprehensive modeling tool 

capable of  

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

associated final energy demand,  

o analyzing their possible mid- (2030) to long-term (2050) trajectories,  

o endogenously assessing how the development might be affected by different framework 

conditions such as energy policy settings, energy or CO2 prices, the climate change or 

resource availability. 

It aims to (b) gather building- and energy-related data to set-up a disaggregated cohort model 

of the Austrian built environment and to (c) analyze future trajectories for the end-use sector 

in question. 

To meet this objective, the following modeling-related questions are addressed in this 

work: 

o What is a suitable structure for a bottom-up model capable of processing a highly 

disaggregated description of the building stock? 

o How to integrate an appropriate engineering-based calculating method for deriving the 

buildingsô energy needs in such a building stock model? 

o How to model the end-of-service lifetime and corresponding replacement of buildings and 

building components? 

o How to model the decision-making process for different renovation and heat supply 

related measures? 

Concerning its scope, this thesis considers the following system 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 due to occupation, lighting and 

appliances. However, lighting and appliances are not modeled endogenously. 

Furthermore, the air conditioning systems are not within the scope of the model. Thus 
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only the energy needs for cooling but not the energy use (or delivered energy) for cooling 

is calculated. 

o 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 countries. Yet, they do not form 

the focus of this thesis.  

o The time horizon 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 Methodology 

This thesis applies a quantitative model-based approach. To address the questions 

raised above, the following tasks were carried out: 

1. Setting up the methodological framework 

A comprehensive tool, the Invert/EE-Lab model was developed by the author during 

the last 5 years. The developed model is a dynamic, highly disaggregated, techno-socio-

economic bottom-up 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, as well as its possible 

future developments, can be described and analyzed. The energy-calculation module is based 

on a quasi-steady-state monthly energy balance approach augmented by statistical top-down 

and bottom-up factors (section 4.4).  

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 mix, CO2 reductions 

and costs for support policies. The implemented decision algorithm applies the following 

concepts: 

o The end-of-service lifetime of buildings and building components is calculated based on 

Weibull-distributions and a calibration of historical investment and renovation cycles 

(assuming the Weibull-characteristics in the past renovation activities) is performed, see 

section 4.5. 
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o The market uptake of different renovation measures and heating systems are calculated 

using a nested logit approach, see section 4.7.  

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 disaggregated (quantitative) description of the total 

heated Austrian building stock and its energy-related parameters. The developed dataset 

enhances existing sets in several ways. First, to the authorôs knowledge, it is so far the only 

calibrated quantitative description
1
 of the Austrian residential and non-residential

2
 building 

sector. The current final energy 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 is based on work that was conducted by the author of this thesis within the projects 

ñPRESENCEò (M¿ller et al., 2014a, Kranzl et al., 2014a) and ñSolargridsñ (M¿ller et al., 

2014c), both funded by the Austrian climate and energy fund. Building on spatially 

distributed settlement areas on a 250x250 meter grid (Figure 3.3), the future development of 

the heated floor area are estimated for 20 building categories on the level of 2380 

municipalities. For the policy scenario analysis the data are aggregated into 73 regions 

(section 3.2). The availability of energy carriers and the share of buildings located in air-

imission-protection law regions are estimated for 26 regions
3
. However, the data structure 

allows a redistribution of the scenario results on the level of municipalities or even the 

250x250 m grid
4
.  

Scenario specific data were defined and developed in several projects with major 

contributions of the author of this thesis. Most importantly, the projects ñEnergieszenarien bis 

                                                 
1
 Again, only energy related parameters are considered. 

2
 Service sector and industry are included except for buildings without regular heating systems such as 

agricultural buildings (barns, stables, greenhouses, etc.), or large-scale industrial production halls. 

3
 Three regions per federal state are defined, except for Vienna which is only divided into two regions. 

4
 Due to the applied generic algorithm, redistributing to the 250x250 grid has its limitations. 
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2030: Wªrmebedarf der Kleinverbraucherñ
5
 (Müller and Kranzl, 2013a, 2013b) and the 

project ñPRESENCEò (Kranzl et 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 input parameters are 

tested (see chapter 5). In a second step, the third purpose of this thesis, namely the possible 

future development of the energy demand of the Austrian building stock and the impact of 

policy instruments and general framework conditions is assessed (see chapter 7). 

1.4 Policy Background  

During the last decade the building sector has increasingly come into the focus of 

European energy policies (Directive 2002/91/EC, Directive 2010/31/EU, Directive 

2006/32/EC, Directive 2009/28/EC), as it is evident that this sector plays a crucial role in any 

ambitious climate change mitigation 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 

consumption on a national level have been met. The inertia of the building stockôs energy 

infrastructure, the slow uptake and diffusion of innovative technologies and rebound effects 

have to be taken into consideration in a comprehensive in-depth analysis of the sector, as 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 recast) 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:  

                                                 
5
 Translates to ñEnergy scenarios until 2030: Heat demand of the households and service sectorò. 
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o Article 3 states that Member States of the European Union have to apply a methodology 

for the energy performance calculation of buildings according to a common general 

framework set out as defined in the Annex I of the directive. This should ensure that the 

energy performance calculations individually performed in each member state are based 

on common ground so that the different countries can be compared. 

o 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 cost-optimal levels when applying a life-cycle-cost approach. 

o Article 6 defines that in new buildings a high-efficiency alternative heating system (such 

as cogeneration, heat pumps, district heating, and renewable energy carriers) have to be 

installed if this is technically and economically feasible. 

o Article 9 specifies that Member States have to ensure that by the end of 2020 all new 

buildings are nearly zero-energy buildings
6
. This standard is defined as ña building that 

has a very high energy performance [é]. The nearly zero or very low amount of energy 

required should be covered to a very significant extent by energy from renewable sources, 

including energy from renewable sources produced on-site or nearby;ò   

The second important European directive, the renewable energy directive (Directive 2009/28/ 

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

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

for sectors are defined in the directive, studies have shown that the building sector needs to 

contribute significantly in order to meet the defined targets in a cost-efficient way (see 

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

13(4) requests member states to ñintroduce in their building regulations and codes 

appropriate measures in order to increase the share of all kinds of energy from renewable 

sources in the building sector.ò 

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

consumption of buildings in several ways: 

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

European Union to establish a long-term strategy for mobilizing investments in the 

                                                 
6
 For publicly owned and occupied new buildings this target has to be reached by end of 2018. 
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renovation of the building stock. This strategy should contain policies and measures to 

stimulate cost-effective deep renovations of buildings. 

o Article 5 emphasizes the exemplary role of the buildings of public bodies. This article 

states that MS ñshall ensure that, as from 1 January 2014, 3 % of the total floor area of 

heated and/or cooled buildings owned and occupied by its central government is 

renovated each yearò. The renovated buildings have to ñmeet at least the minimum 

energy performance requirements as set in application of Article 4 of Directive 

2010/31/EUò. 

o Article 6 demands from public bodies a preference for buildings with higher energy 

performance indicators when renting or buying buildings, insofar as they are cost-

effective and economically feasible as well as technically suitable.  

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 reflect the customersô 

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

o Article 14 addresses efficient heating and cooling and demands that MS carry out a 

comprehensive assessment of the application of efficient cogeneration and district heating 

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, a cost-benefit 

analysis for applying cogeneration or for using waste heat from nearby industrial 

installations has to be performed. 

On the Austrian level, the ñEnergieStrategie ¥sterreichò
7
 (BMLFUW and BMWFJ, 

2010) defines the short-term energy policy framework conditions. In this document, a final 

energy consumption target of 1100 PJ for 2020 is defined. This target corresponds to a 

stabilization of the current final energy consumption. With respect to the final energy 

consumption for space heating and cooling, the document foresees a reduction from 337 PJ in 

2005 to 303 PJ in 2020 (-10%).  

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

Institute of Construction Engineering
8
, for example, has released an important document 

                                                 
7
 Translates to: ñAustrian Energy Strategyñ. 

8
 In German: ñÖsterreichisches Institut für Bautechnikñ (OIB). 
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defining nearly zero energy buildings and intermediate targets in a ñnational planò
 9
 (OIB, 

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), which also contains 

targets for non-residential buildings was submitted to the European Commission. Moreover, 

cost-optimality calculations are carried out to compare the current and different future 

building codes with respect to their cost-optimality. The Austrian 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 targets for the space heating and domestic hot 

water energy end-use 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 (BGBl, 2014).  

1.5 Definition of applied energy terms  

In literature a large number of different terms are used to describe the energy demand 

and energy consumption
10

 in buildings. However, the commonly used terminology for energy 

flows in buildings and associated system boundaries 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 

like ñuseful energy demandò or ñfinal energy demandò
11

 are often used, probably triggered by 

their widely usage in the context of energy balances. However, these terms only refer partly 

to the wording ñenergy needò and ñdelivered energyò as defined by the EN15603:2008, 

which is well known in the building physics and civil engineering communities. While the 

term ñfinal energy demandò departs from the term ñenergy useò depending on whether local 

renewable energy carriers are taken into account or not, the differences between ñenergy 

needò and ñuseful energy demandò are not always as clearly drawn. The German and Austrian 

energy calculation standards refer to the expression ñNutzenergiebedarfò, which, if it is 

                                                 
9
 German title: ñDokument zur Definition des Niedrigstenergiegebäudes und zur Festlegung von Zwischenzielen 

in einem āNationalen Planóñ. 

10
 Energy consumption refers to the utilization of energy carriers. 

11
 Instead of ñenergy demandò, also the terms ñenergy consumptionò or ñenergy useò are used. 
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directly translated means ñuseful energy demandò. This ñNutzenergiebedarfò corresponds to 

the expression ñenergy needò as defined by the EN 15603. However, a technical definition of 

the term ñuseful energyò, especially related to energy flows in buildings, is not given. The 

glossary of the ñEuropeôs Energy Portalò (EU BCN) defines ñuseful energyò as ñthe energy 

drawn by consumers from their own appliances after its final conversion, i.e. in its final 

utilizationò. Andersen (2007), on the other hand, defines ñuseful energy demandò as ñthe 

demand for energy services such as heating and lightingò, also referred to as ñenergy-service 

demandò. Furthermore he states that: 

ñUseful energy demand may be the desire to have for example 20°C in-doors or a 

demand expressed in tons of paper production. This means that useful energy demand does 

not necessarily have to be expressed in energy terms. However, in an energy systems model, 

such as the ones used here
12

, useful energy demand is generally expressed in energy units. 

The demand for 20°C may be expressed in, for example W/m² given the insulation for a 

specific type of building.ò 

The following section aims to clarify the system boundaries and meanings of the 

different energy related terms, which are then consistently applied in this thesis. However, 

when referring to work carried out by other authors (especially in chapter 2), the terminology 

used in their publications is applied in this thesis, even though the actual system boundaries 

remain unclear and inconsistent. Whenever an unspecific energy flow is addressed in this 

work, either the expression ñenergy demandò or ñenergy consumptionò is used. In this work 

these terms are meant to describe energy flows with loosely and flexibly defined system 

boundaries, somewhere in-between the terms ñenergy needò, ñfinal energy demandò, ñenergy 

useò and ñdelivered energyò. The term ñenergy demandò is used in a context where a 

calculated energy flow is addressed, while ñenergy consumptionò rather refers to measured 

energy flows.  

In this work I focus on the definitions and system boundaries as defined in the EN 

15603 and 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 often leads to 

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

                                                 
12

 MARKAL models are meant. 
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hand, the cited standards do not specify the expression ñfinal energy demandò, a term defined 

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

community. For clarification, the Figure 1.1 defines the boundaries for different energy 

related terms in this work.  

 

Figure 1.1 ï System boundaries for different types of energy terms used. 

A second dimension of the heating and cooling-related energy usage in buildings is 

not depicted in this figure, but has to be kept in mind: the difference between measured and 

calculated (standard or tailored energy need calculation) energy need or energy use. The final 

energy demand, as defined by the Directive 2009/28/EC refers to physical flows (measured 

data on a national level). One the other side of the spectrum lies the energy need based on the 

standard calculation approach, which does not incorporate site-specific parameters such as the 

local climate or the actual 24/7 usage of the building. The tailored energy need calculation 

incorporates such factors and lies somewhere in-between. This calculation method aims to 

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

calculated equivalents.  

The developed Invert/EE-Lab 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 statistical bottom-up and 

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 expression energy needs used in the following chapters refers to the standard 

energy need calculation approach. Whenever the energy needs based on the tailored approach 

are addressed, the expression energy needs considering user behavior is applied. The final 

energy demand shown in this work is, if not explicitly stated otherwise, calculated based on 

the tailored approach. 

1.6 Structure of this thesis 

The remainder of this thesis is structured as followed:  

Chapter 2 starts with a classification of different modeling approaches. It briefly 

discusses the strengths, weaknesses and typical scope of the different methodologies. Based 

on this typology, an overview of existing building-related energy models found in literature 

and their applications is given. Finally, it classifies the model developed in the course of this 

thesis based on the discussed modeling approaches and describes how it 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 determined. Based 

on these data, the calibration of the final energy demand for space heating and domestic hot 

water preparation is shown. 

Chapter 4 is devoted to the developed model, the Invert/EE-Lab model. It describes 

the applied approach and the three calculation modules: the energy calculation module, the 

lifetime module and the investment decision module. For each module, the most important 

implemented equations are given and discussed. 

Chapter 5 analyses the uncertainties of results deriving from the actual 

implementation of the model and uncertainties with respect to the decision criteria and 

unobserved parameters. 
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Chapters 6 and 7 describe the scenarios for the Austrian built environment and the 

development of its energy demand for space heating. Chapter 6 outlines the assumptions for 

the main input variables used to derive the policy scenarios. Chapter 7 reports 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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2 Existing building-related energy models and their 

approaches 

This chapter briefly presents existing approaches to model the energy demand and 

energy consumption of buildings. Such overviews and comparisons have already been given 

extensively by other researchers, either on a detailed model-by-model-based analysis or 

already on a meta level (e.g. Huntington and Weyant, 2002; Nakata, 2004; Böhringer and 

Rutherford, 2008, 2009; Strachan and Kannan, 2008; Swan and Ugursal, 2009; Tuladhar et 

al., 2009; Kavgic et al., 2010; Suganthia and Samuel, 2011; Keirstead et al., 2012; Olofsson 

and Mahlia, 2012; Kialashaki and Reisel, 2013 or Pfenninger et al., 2014
13

). 

Models can be categorized in several ways. Hourcade et al. (1996) use three 

characteristics to classify models: (1) the purpose of the model, (2) the model structure and 

(3) their exogenously defined input assumptions. Grub et al. (1993), on the other hand, define 

six categories to distinguish (energy) models: (1) top-down versus bottom-up, (2) time 

horizon, (3) sectoral coverage, (4) optimization versus simulation techniques, (5) level of 

aggregation, and (6) geographic coverage, trade, and leakage. Van Beeck (1999) defines
14

 9 

dimensions according to which models can be classified and describes each of these 

approaches in her paper:  

1. General and specific purposes of energy models 

2. The model structure: internal & external assumptions 

3. The analytical approach: top-down vs. bottom-up 

4. The underlying methodology 

5. The mathematical approach 

                                                 
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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6. Geographical coverage: global, regional, national, local, or project 

7. Sectoral coverage 

8. The time horizon: short-, medium-, and long-term 

9. Data requirements 

In the following sections, I will  first briefly describe the underlying methodology (4) 

and then focus on the analytical approach (3).  

2.1 Classification based on the underlying methodology 

The fourth dimension of Van Beeckôs classification, the underlying methodology, 

considers the way the model is driven towards its solution. She defines 8 commonly used 

methodologies: (1) econometric, (2) macro-economic, (3) economic equilibrium, (4) 

optimization, (5) simulation, (6) spreadsheet, (7) backcasting, and (8) multi-criteria, although 

these distinctions are, in practice, not always very conclusive. According to her research, 

literature distinguishes between simulation, optimization and spreadsheet models only with 

respect to bottom-up models, even though these techniques are applied by top-down models.  

The optimization approach 

An optimization approach aims for the minimization (e.g. costs, CO2-emissions) or 

maximization (e.g. profits) of an objective function. The results of such models 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 approach can rather be used for ñhow toò instead 

of ñwhat ifò research questions (Ravindranath et al., 2007). Van Beeckôs fifth dimension, the 

mathematical approach, defines how optimization models solve the problem. Most energy-

related optimization models use common mathematical methods such as Linear Programming 

(LP), Mixed Integer Linear Programming (MILP), Multi-Objective Linear Programming 

(MOLP) and Dynamic Programming (DP) to derive their solutions. Only some energy models 

use more advanced methods such as Non-Linear Programming (NLP), Mixed Integer Non-

Linear Programming (MINLP), and (Multi-Objective) 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 assess another 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, none of these publications or optimization models focus on emission or 

energy reduction strategies within the building sectors. This supports the commonly held 

position that conventional optimization techniques, which tend to show ñpenny switching 

behaviorò
15

, are not particularly suitable to analyze systems where many individual decision-

makers decide on many rather small subjects. The Fuzzy Logic approach (or Fuzzy 

Programming, FP) constitutes an improvement with respect to such model behavior. Similar 

(in a non-mathematical definition) to the logit model and other probability approaches 

commonly used in discrete choice analysis, Fuzzy Logic allows that a variable is ñpartly trueò 

and defines ñhow muchò a variable is a member of a set. Thus, Fuzzy Logic approaches are 

more suitable to find realistic solutions for decentralised optimization problems with a 

medium or high degree of uncertainty than conventional approaches (Zimmermann, 1978; 

Jana and Chattopadhyay, 2004). 

The MARKAL (MARKet ALlocation) model, the TIMES (The Integrated MARKAL-

EFOM System) model, the MESSAGE model (Model for Energy Supply Systems And their 

General Environmental impact), and the OSeMOSYS (Open Source Energy Modeling 

System) are well-known and widely applied energy system optimization models (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 state can be assessed by comparing different solutions, yet this is not within the 

scope of the simulation algorithm. Lacking an inherently systematic approach to evaluate the 

optimality of derived solutions is considered to be the main disadvantage of the simulation 

approach. The benefit of the method is that models do not need to be as restricted and 

simplified as they need to for optimization approaches in order to find a solution that is 

sufficiently close to the optimum.  

                                                 
15

 The utilization of a technology option 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 and applied energy system simulation models are the 

LEAP (Long range Energy Alternatives Planning System) model, NEMS (National Energy 

Modeling System) model and the PRIMES Energy System model (Pfenninger et al., 2014). 

2.2 Classification based on the analytical approach: top-down 

vs. bottom-up 

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 state of a specific system: bottom-up models and top-

down models. The principal idea and philosophy behind top-down and bottom-up models 

based on IEA (1998) is displayed in Figure 2.1. Broadly speaking, top-down models, on the 

one hand, tackle the research question from an aggregate perspective based on aggregated 

economic variables. On the other hand, bottom-up models start with different technological 

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

 

Figure 2.1 ï Top-down and bottom-up modeling approaches. Source: Kavgic et al., 2010, based on IEA, 1998. 

In general, top-down as well as bottom-up approaches tend to derive solutions which 

are oppositely biased. The main characteristics, advantages and limitations of top-down and 

bottom-up models are summarized in Table 2.1. 
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Table 2.1 ï Main characteristics, advantages and drawbacks of tow-down and (technical) bottom-up 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 

aggregate economic indices such as GDP and 

(price) elasticities  

Derive the energy supply (structure) on a 

disaggregated level based on technological 

properties 

Define most efficient technologies by 

production frontier set by markets, without 

representing technologies explicitly 

Define most efficient technologies based on 

technological description,  

without considering economic production frontier  

Based on observed market behavior  Independent of observed market behavior 

Reflect potential adopted by the market Reflect technical potential 

Give a pessimistic estimates on ñbestò 

performance 
Give an optimistic estimates on ñbestò performance 

Benefits 

Reflect technologies adopted by the market  Reflect technical potential 

Endogenously incorporate behavioral 

relationships 

Assess (direct) costs of technological options 

directly 

Consider relationship between the energy 

sector and the broader economy 
Cover current and emerging technologies in detail 

Capable of modeling the interaction between 

economic variables and energy demand 
Use physically measurable data 

Do not need detailed technology descriptions Enable policies to be more effectively targeted  

Able to assess the social-cost-benefit of 

energy and emission policies measures 

Assess the effects of different combination of 

technologies 

Able to build in aggregated economic data 

only 

Able to estimate the least-cost combination of 

technical measures to meet given demand 

Limitations  

Neglect the technically most efficient 

technologies, thus underestimate potential for 

efficiency improvements 

Neglect market thresholds, hidden costs and other 

constraints, thus overestimate the potential for 

efficiency improvements 

Are inflexible in addressing different energy 

supply structures 

Are inflexible in addressing different energy service 

demand structures 

Assume no discontinuities in historical trends  
Describe interactions between energy sector and 

other sectors based on external assumptions 

Often build on assumption of markets without 

efficiency gaps 
Describe market interactions poorly 

Are less suited for assessing technology-

specific policies 

Do not consider the connection between energy use 

and macroeconomic activity 

Lack technological details Require many technological data 

 

More advanced models are often implemented as hybrid models (Kavgic et al., 2010; 

Nakata, 2004), yet still have set the main focus on one of the two approaches. Bottom-up and 

top-down models consider the inertia behavior of the analyzed systems differently and thus 

respond differently to changing input factors. The relationships of aggregated variables used 

in top-down models are usually more stable than those of disaggregated entities. Thus, by 

introducing some top-down constrains to bottom-up models, their results become less 

unrealistic and unstable to short-term effects.   
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2.2.1 Top-down modeling approaches 

Top-down models approach the research question from an aggregated level. 

According to Nakata (2004), the terminology ñtop-downò refers to the approach 

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

theory,  

o of how the current economy is depicted using input-output matrices,  

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

(and land) are used,  

o and of how econometric and other statistical methods are used to derive estimated 

elasticities and associated production functions (e.g. the unlimited non-linear Cobb-

Douglas or the linear-limitational Leontief).  

Top-down approaches do not directly consider interrelationships between input and 

output variables in detail. They rather treat them as some ñblack boxò and describe the 

interactions of the output on the input based on dependencies derived from observed 

historical data. Therefore these models typically cover the status-quo or historical status of 

the economy and/or energy sector broadly and are well-suited to estimate the near term 

system behavior under the precondition that no structural changes occur, which would 

ultimately alter observed trends. In reality, these approaches are often applied to analyze the 

interactions of the energy sector with the overall economy.  

 

Figure 2.2 ï Top-down and bottom-up modeling techniques for estimating the regional or national residential 

energy consumption. Source: Swan and Ugursal, 2009 

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

down models (Kavgic et al., 2010; Swan and Ugursal, 2009, see Figure 2.2). Technological 
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top-down models extend the econometrical models by incorporating effects such as 

technology saturation (Bento, 2012a; Bento, 2012b; Grübler and Nakicenovic, 1991) or 

structural changes within the economy without explicitly describing them within the model.  

Two commonly applied types of how top-down 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 materials and labor 

and their associated prices and wages. The model-solver algorithms then search for solutions 

for which the depicted economy is in equilibrium. (Partial equilibrium) Optimization models, 

on the other hand, allow that the year-by-year solutions differ 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 top-down model 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 Pérez-Lombard et al. 

(2008).  

A top-down model for the Austrian mobility 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) capital accumulation functions, and (3) demand functions for 

energy services. Contrary to the neo-classical approach, demand functions for market goods 

are not defined purely based on relative prices, but are adjusted by the capital stock in 

investment goods (infrastructure). They also implement several household types, 

distinguished by their ñconsumption sustainabilityò patterns, derived from Austrian consumer 

survey data. The energy demand for heating (non-electrical energy) is described by the capital 

stock with an elasticity of -0.783
16

, 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 

                                                 
16

 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 

ñheatingò are defined: (1) ñBuilding regulationsò with focus on minimum energy performance 

indicator standards and (2) ñDemand shiftsò, which analyse a shift from ñnormalò households 

towards ñsustainableò households and the effects on the energy consumption assessed. 

2.2.2 Bottom-up modeling approaches 

In bottom-up models the analyzed (complex) systems emerge from piecing-together 

sub-systems, often described in an engineering-based way. The interrelationships between 

input and output data are explicitly modeled based on actual processes. Compared to top-

down approaches, the analyzed systems in bottom-up models are modeled on a highly 

disaggregated level. Therefore additional technological (and statistical) data and/or expert 

estimates are needed to describe the technical behaviors and effects on the output variables of 

each sub-system (Shorrock and Dunster, 1997). Bottom-up models can be classified further in 

statistical and engineering-based models (Swan and Uqursal, 2009, see Figure 2.2). 

Bottom-up statistical building stock energy models 

Swan and Uqursal (2009) give a comprehensive review of statistical bottom-up 

models of the building sector. This model type uses statistical methods, mostly regression 

techniques, to determine the inter-relationship between energy demand and different input 

factors.  

Statistical bottom-up models are often used to assess the energy consumption of a 

building stock as a function of macroeconomic variables such as household income or GDP, 

energy price or technological variables such as climate conditions, household size, building 

type or efficiency of buildings (e.g. Halvorsen, 1975; Biermayr, 1998; Summerfield et al., 

2010). They can either be formulated as aggregated time series models (Haas and Schipper, 

1998; Lin and Liu, 2015, Kialashaki and Reisel, 2013), as cross-sectional models (e.g. 

Biermayr, 1998; Haas et al., 1998; Aksoezen and Hassler et al., 2015) or as combination of 

both approaches (Halvorsen, 1975). Most bottom-up statistical models apply common 

regression techniques to find the model solution. The application of conditional demand 

analysis (CDA) and neural network (NN) statistical bottom-up model approaches are 

described by Aydinalp et al. (2002, 2003, and 2004). Aydinalp-Koksal and Ugursal (2008) 

compare their applicability for analyzing the end-use energy consumption in the residential 

sector with engineering approaches. 
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Mastrucci et al. (2014) develop a statistical bottom-up model based on a segregated 

multiple linear regression model at city scale. With the developed model they analyze the 

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

Newsham and Donnelly (2013) present a statistical bottom-up model for Canadian 

households. Using a set of close to 9800 survey data on the total household energy use and 

appliance ownership accompanied by heating- and cooling-degree-days, a conditional 

demand analysis is applied to estimate the energy consumption of different energy carriers 

and end-use appliances. By comparing the average energy consumption of different end-use 

categories with those of efficient appliances, estimates to identify cost-efficient energy 

savings potentials are provided.  

Aksoezen and Hassler et al. (2015) develop a statistical bottom-up model and apply it 

on a vintage building stock model of the 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 exposed elevation area. The influence of the explanatory variables is quantified by 

applying the Chi-Square Automatic Interaction Detector (CHAID) method. 

Kialashaki and Reisel (2013) present two statistical bottom-up model approaches: 

regression models and three 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 intensity. An application of a (hybrid) neural network model, the CHREM (Canadian 

Residential Energy End-use Model) is presented in Svan et al. (2013). 

Common to all bottom-up statistical models is that they derive the effect of the 

independent variables (e.g. price, GDP, HDD, etc.) on the dependent variable (e.g. energy 

consumption) from historical data and do not cover the analyzed system in much detail. 

Structural changes such as discontinuous introduction of new technologies or behavioral 

changes and changing social norms (increasing awareness about climate change and GHG 

mitigation) are outside of the scope of these models (Kavgic et al., 2010). Therefore their 

ability to evaluate the impact of a wide range of future scenarios is restricted.   
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Bottom-up engineering-based energy models  

A considerable list of studies, literature and models exists with respect to the 

description of the buildingôs energy demand using engineering-based bottom-up models. 

Swan and Ugursal (2009) identify three different categories: population distributed, archetype 

and sample-based approaches (Figure 2.2). Another dimension, not shown in Figure 2.2, is 

whether the scope is set on a predefined static building (stock), possibly considering dynamic 

environmental conditions (static 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, final energy 

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 on the building 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, ventilation rates 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 energy-calculation engine (Kavgic et al., 2010). With respect to the primary aim of 

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

A severe shortcoming of pure non-statistical engineering-based bottom-up models 

(building physics bottom-up model) is that the occupantôs behavior is not taken into account 

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 bottom-up elements to the basic 

technical bottom-up model significantly improves the forecast results. 

Sample based models 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 or CO2 emissions) in detail for individual buildings (Figure 2.2, 

ñSampleò based engineering bottom-up-models). These models often demand (for such a 

purpose) a very detailed description of the analyzed building and its usage and allow 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 semi-static monthly approach (e.g. the SBEM (Simplified Building Energy 

Model)
17
, the ñIBP:18599ò software tool developed by Fraunhofer IBP

18
, or the spread-sheet 

models developed by the Austrian institute of construction engineering (OIB)
19

), a simple 

hourly dynamic (see spread-sheet model applied by Zangheri et al., 2014) or a detailed 

dynamic simulation approach on a sub-daily resolution (typically hourly or sub-hourly). 

Representatives of the later model family are TRNSYS (TRNSYS, 2013), EnergyPlus 

(Crawley, 2001) or the eQuest
20

 tool (which is based on the DOE-2
21

 calculation engine).  

Archetype engineering-based bottom-up models (see Figure 2.2) aim to divide a larger 

set of buildings (a building stock; either regional, national or international) into clusters of 

typical buildings. Each cluster (or cohort) represents buildings with similar characteristics 

such as primary building usage, construction period, building size, efficiency 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 building stock 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 energy calculation methods. These types of models are either used to define a 

static building environment (e.g. in the project: TABULA (Amtmann and Groß, 2011) or in 

its predecessor, the project EPISCOPE
22

), to analyze the energy demand of a static building 

stock in a dynamic environment (e.g. Fung, 2003) or to evaluate the development of a 

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

consumption.  

                                                 
17

 http://www.bre.co.uk/page.jsp?id=706. 

18
 Fraunhofer Institut f¿r Bauphysik: Software ñIBP: 18599ò, www.ibp18599.de. 

19
 http://www.oib.or.at/sites/default/files/ea-wge-2012-01-01-v10b2.xls ; 

http://www.oib.or.at/sites/default/files/ea-wgv-2012-01-01-v10b2.xls. 

20 
The Quick Energy Simulation Tool (2014) http://doe2.com/equest.

 

21
 DOE-2, Building Energy Use and Cost Analysis Tool. (2014) http://doe2.com/DOE2. 

22
 http://episcope.eu/. 

http://www.bre.co.uk/page.jsp?id=706
http://www.oib.or.at/sites/default/files/ea-wge-2012-01-01-v10b2.xls
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(Dynamic) bottom-up approaches with exogenous decision-making algorithms 

In their paper Mattinen et al. (2014) present the engineering-based bottom-up 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 different energy 

efficiency measures and changes in the utilization behavior are shown for the Kaukajärvi 

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 of static than dynamic models. 

Mata et al. (2013a) presents a similar analysis done for Swedish residential building 

stock. They apply the engineering-based bottom-up model ECCABS (Energy, Carbon and 

Costs Assessment for Building Stocks, Mata et al., 2013b) on the Swedish building 

environment. The ECCABS model is a Matlab/Simulink (MathWorks, 2010) implementation 

of the EN ISO 13790:2008 quasi-steady state energy balance calculation standard
23

. In their 

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 CO2-emissions are then evaluated and discussed. Behavioral effects 

and other rebound effects are not considered in their study. The estimate of the applicability 

of refurbishment measures does not directly considered the variable ñtimeò. Therefore there 

model framework also represents a static approach.  

A dynamic method is used by Sartori et al. (2009) for the Norwegian building sector. 

They describe a developed archetype-based bottom-up model and perform a scenario-based 

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 allowed energy needs 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. Construction, demolition 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 settingsðreference scenarios and two settings 

with different assumptions on newly installed heating systems (thermal energy carriers versus 
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 Although the energy need calculation is performed on an hourly resolution, it is assumed that the indoor air 

temperature and the temperature of all internal layers are identical. This implies that no R-C model (see 

section4.4.2) is applied. 
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heat pumps, each with and without energy conservation measuresðare drawn up and the 

results for the delivered energy are compared. 

A similar analysis is performed by Broin et al. (2013). In their paper they apply a 

bottom-up model to analyze potential energy savings of the building stock in the EU-27 

countries. They describe the model as a ñbottom-up engineering variantò based on the 

definitions set by the World Bank (2009), Sorrel (2004) and Chateau and Lapillonne (1978). 

The energy needs and the energy consumption are defined based on top-down indicators and 

not calculated endogenously by applying an integrated building physics model. In their 

model, the incremental change of the energy demand 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), 

once-off efficiency measures (F2), and finally, renovation cycle efficiency measures (F3). 

Trajectories of the energy demand and related CO2-emissions until 2050 are shown and 

discussed in three scenarios: a ñBaseline Scenarioò, a ñMarket Scenarioò, and a ñPolicy 

Scenarioò.  

In his thesis Cost (2006) develops a dynamic bottom-up model 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 a building physics model, but are derived on a top-down 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 on expert judgment. 

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 engineering based building-physics model to 

calculation framework. By applying their archetype-based bottom-up model they draw 

scenarios for the heating energy consumption and the associated CO2-emissions of the 

Finnish building stock until 2050. The described approach uses two tools. The first, a 

dynamic simulation tool (IDA-ICE software package), derives 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 developed REMA spreadsheet modeling tool. 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 dynamic modeling but assumes a 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 refurbishment standards.    

A similar engineering-based building stock bottom-up model is presented by 

Olonscheck et al. (2011) and applied to the German building stock. The buildings physics 

model deploys the concept of heating and cooling degree days and is based on the German 

industrial standard DIN 4108-6 (DIN 4108-6:2004). By applying different assumptions for 

renovation rates (1%, 2% and 3%), temperature increase triggered by climate 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 scenarios.  

The innovative aspect of the model presented by Heeren et al. (2013) results from 

introducing the concept of technological diffusion. They develop a dynamic engineering-

based model, applied to the Swiss building stock. Retrofitting rates and demolition and 

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 process is modeled based on the Bass model (Bass, 1969) and limits 

the penetration speed of energy-conservation 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 parameters for three scenarios, typical business-

as-usual 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.  

Another step towards a higher degree of endogenously defined variables is applied by 

McKenna et al. (2013). They present a building-stock-model-based analysis, which is used to 

determine whether or not Germanyôs energy saving goals defined for the residential stock, are 

realistic and can be reached by 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 above, refurbishment rates are endogenously 

modeled by 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 five different 

scenario settings.  

Uihlein and Eder (2010) define additional variables endogenously. They assess 

possible energy savings and GHG emission reduction potentials and associated costs for the 

EU-27 building stock up to 2060. The applied model represents a technical 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 on the energy 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 a bottom-up 

model to analyze the energy saving potential through thermal building refurbishments of 

residential buildings in the EU-15 countries. In a later publication, his database is extended to 

the EU-27 countries (Hansen
 
, 2011). In the presented model the buildings of the national 

building stocks are 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 periods). In the 

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 options implemented 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 cohort cluster and the future refurbishment 

rate derived from applying a statistical service lifetime-based approach. Concerning the 

reference energy demand of thermally refurbished buildings, the regulatory demanded energy 

needs of newly constructed buildings are taken as 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 2001. The ratio of realized energy savings and derived energy 

saving potential for the same period (1990 ï 2001) constitutes the degree of the historically 

observed refurbishment potential exploitation PA. According to his analysis, this factor varies 

for the EU-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 exploitation PA parameters and exogenously defined shares 

of types of newly installed heating systems. Thus, the evaluation of non-regulatory 

instruments such as financial instruments is not within the scope of this model.  

Dynamic bottom-up approaches with endogenous decision-making algorithm 

The bottom-up 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 supply 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 on economic 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 used to derive the 

official forecasts for energy supply and energy demand, technology adoption, and prices. 

Furthermore, the EIA uses the NEMS modeling framework to analyze environmental and 

energy policies or to derive the numerical basis for the EIAôs Annual Energy Outlook series. 

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 

bottom-up building and appliance stock models, although they do not explicitly 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 least-cost-approach (considering some behavior rules), the RDM applies 

a logit-approach for ten major end-use 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 and operating 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 preference parameters, as ña reasonable adjustment of the modestly impact the final 

energy demand of the building sectorò. The lifetime of appliances is calculated using a 

Weibull distribution, and existing households (= existing buildings) are removed from the 

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 Module (DeForest et al., 2010)ðthe Stochastic Buildings 

Energy and Adoption Model (SBEAM)ðof the Stochastic Energy Deployment System 

(SEDS). The SBEAM is an ñengineering-economicò model with technology adoption 

decisions based on cost and energy performance characteristics of competing technologies; 

again a building physics model is not directly implemented. SEDS focuses on modeling the 

economy-wide energy costs and consumption with minimal user effort or expertise (Marnay 

et al., 2008). Thus, the SEDS design (and SBEAM) favors simplicity over detail, unlike the 

NEMS and RDM. The lifetime of building elements and appliances is calculated using a 

logistic decay function.  

A hybrid model, the Global Change Assessment Model (GCAM), is presented by 

Zhou et al. (2014). It embeds a bottom-up service-based building stock energy model for the 

US in an integrated assessment top-down 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 a two-level nested logit approach is used. 

On the top level, the decision about the main energy carrier is defined; the second level 

defines the efficiency class. The main decision criteria are the relative cost of each technology 

option compared to competing technologies. 

Henkel (2012) develops a statistical vintage stock bottom-up model, which is used to 

analyze possible futures for the energy demand of the German building stock. The heating-

systems-related investor decisions are endogenously modeled. The decision algorithm is 

based on a multinomial logistic regression model, 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 develops a building stock model for the German residential sector. The model 

presented distinguishes 75 building categories (5 different building types, from single-family 

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 also modeled endogenously. Like in the GCAM, a nested logit model is used. 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 model
24

 constitutes another model framework, which can be used to 

develop medium- to long-term scenarios for different regions based on a bottom-up 

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 are modeled endogenously by applying ñwhenever possibleò a logit-approach. The 

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 developed Invert/EE-Lab differs from the models discussed above by its high 

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

o dynamic, 

o (building physics) engineering-based archetypes 

o hybrid bottom-up models  

o augmented by statistical bottom-up elements (user behavior) or income and price 

elasticities 

o and statistical top-down elements such as cost-resource curves for energy carriers 

and market diffusion effects  

o with endogenously modeled construction, renovation and demolition activities  

o and endogenously modeled investment-decision-making for renovation measures and 

heating systems replacement, applying a nested logit approach  

o considering different types diffusion restrictions.  

A list of important endogenously and exogenously defined input parameter is given in 

the following table. 
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 http://www.forecast-model.eu. 
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Table 2.2 ï Endogenously and exogenously defined central input parameters. 

Endogenously calculated Exogenously defined 

¶ Building demolition and construction 

rates 

¶ Renovation rates and replacement rates 

of heating system 

¶ Energy need and final energy 

consumption 

¶ User behavior 

¶ Share of competing refurbishment 

options 

¶ Share of competing heat supply options 

¶ Partly energy price by employing the 

concept of cost- resource-potential-

curves 

 

¶ Geometry of buildings 

¶ Usage of building 

¶ Existing building stock 

¶ Energetic properties of components of 

existing building stock  

¶ Reference energy prices and cost-

resource-potential-curves 

¶ Development of number of buildings per 

building category, climate region and 

energy carrier region 

¶ Available technologies, their energetic 

properties and costs 

¶ Income and sectorial value added 

¶ Climate conditions 

¶ Availability of energy carriers per region 

¶ Investor preferences 

¶ Policy measures: Financial and 

regulatory instruments 
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3 The Austrian building stock and its energy 

demand for space heating and DHW preparation 

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 disaggregation of the building stock and the applicability of different energy 

carriers. Furthermore, the applied energy carriers and their installation rates as well as the 

renovation activities of the last two decades are discussed. 

3.1 The existing Austrian building stock  

The developed input dataset describing the current Austrian building stock is 

implemented based on sources mainly from the national statistical bureau. On a municipal 

(ñGemeindeò) level (2380 municipals) the following publications are used: ñGebªude- und 

Wohnungszªhlung 2001ñ
25

 (Statistic Austria, 2009a), ñArbeitsstªttenzªhlung 2001ñ
26

 

(Statistic Austria, 2009b), ñFertig gestellte Gebªude mit Wohnungenñ
27

 (Statistic Austria 

2009c). On the level of federal states (ñBundeslªnderò) the results from the annual 

publication series ñWohnen 2002, Ergebnisse der Wohnungserhebung im Mikrozensus 

Jahresdurchschnitt 2002ñ
28

 until ñWohnen 2012, Ergebnisse der Wohnungserhebung im 

Mikrozensus Jahresdurchschnitt 2012ñ; (Statistik Austria, 2003, 2005-2012) are used. The 

thermal quality of the buildings is calibrated using Pech et al (2007), Amtmann and Groß 

(2011) and Schriefl (2007). The data are also cross-checked with Hansen (2009).  
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 Translates to: ñHousing (buildings and dwellings) Census 2001ò. 

26
 Translates to: ñCensus of Enterprises and their Local Units of Employment 2001ò. 

27
 Translates to: ñCompleted new buildings with dwellingsò. 

28
 Translates to: ñHousing 2002, results from the Microcensus 2002ò. 
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Figure 3.1 ï Number of dwellings per federal state and residential building category. 

The subsequently discussed analysis of climate conditions is performed on the level of 

municipalities
29

. Furthermore, the regional applicability of energy carriers is assessed on a 

sub-municipality level. For the calculation of the buildings stockôs energy demand data on a 

municipal level are used, which are then clustered into different (not necessarily contiguous) 

regional zones, according to their site-specific conditions. At the time this analysis was done, 

data on this regional level were only available (for free) for the reference year 2001
30

. For the 

extrapolation to 2008 (and up to 2050 in the scenarios), data on the historical development of 

the population in each municipal region (Statistic Austria, 2012j), the regional dwelling 

forecast for 124 regions (Hanika, 2011, Hanika et al., 2011), and the population forecast per 

population density (inhabitants/km²: >1750; 1750-1250; 1250-900; <900; not within 

settlement clusters) for 118 regions (Müller et al., 2012) is used.  

                                                 
29

 This task was performed by the Department of Metrology of the University of Life science in the course of the 

project PRESENCE (Kranzl et al., 2014a). 

30
 In 2014, the data of the new register-based census performed in 2011 were published: 

http://www.statistik.at/blickgem. 
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3.2 Regional disaggregation of the energy demand for space 

conditioning and DHW and available energy carriers 

3.2.1 Climate regions 

The parameter guidelines for the calculation of the energy performance certificate 

(ÖNORM B 8110-2) define 7 reference climate zones for Austrian. Based on a three-contour-

layer model (altitude below 750 m, 750 ï 1500 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 I use an alternative cluster approach, derived within the Presence project 

(Kranzl et al., 2014a) by the Department of Metrology of the University of Life science 

(Schicker and Formayer, 2012). In the course of this project, the population weighted climate 

conditions of each Austrian municipality is clustered by the average summer temperature, 

winter temperature, as well as the summer and winter solar radiation. This approach results in 

16 climate clusters. Since the applied methodology defines the threshold 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 zones varies in a wide range. Thus, in a 

subsequent step, some clusters are aggregated. This results in a set of 10 climate clusters 

populated by a comparable number of inhabitants which is used in this work (see Figure 6.8).  

 

Figure 3.2 ï 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 stock is done in this work. 

The starting point are regional Corine Data on a 250x250 m raster that defines a pixel as 

settlement areas, if  at least 6 people live or work in this area (based on the Housing Census 

2001, Statistik Austria, 2008).  

 

Figure 3.3 ï Settlement areas in Austria. Source: Statistik Austria, 2008, my translation  

This information is merged with the number of inhabitants on 1x1 km level (Statistik 

Austria, 2006). Using this data, a population density function is estimated (tangent-plane-

based for 50x50m grid). It is assumed that the energy density of residential buildings 

correlates with the derived population density function, but this is corrected by the density of 

surrounding areas, leading to higher energy demand densities in the centers of settlement 

areas, and lower energy demands in the outer zones. For non-residential buildings, a uniform 

distribution over settlement areas is given a weight of 30%, while 70% correlates with the 

density function of residential buildings. The number of buildings and dwellings per building 

type and construction period on the regional level of 2380 municipalities (ñGemeindenò) for 

the year 2001 are taken from the Housing Census 2001 (Statistik Austria 2004a-i) and the 

Settlement area: 250m grid with at least 
6 inhabitants or employees and a CorineLand Cover 
(CLC) Codes: 111,112,121,123,124,142,

Settlement areaand area of permanent settlement

Area of permanent settlement: 
CLC Codes: 131-141, 211-242

Non-permanent settlement area:
Remaining CLC Codes

(translated)
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Census of Enterprises and their Local Units of Employment 
31

 2001 (Statistik Austria 2009b). 

The development of the built environment between 2001 and 2010 is estimated using the 

number of households per energy carriers used for heating and construction period (2002-

2012) based on the annual Mircocensus surveys (Statistik Austria, 2003, 2005-2013). The 

number of residents, dwellings, buildings and working place is considered on a local level of 

settlements
32

 (~17,000 settlements). The Invert/EE-Lab Model is used to calculate the energy 

density for heating and domestic hot water. 

  

Figure 3.4 ï Calculated energy needs for heating density in Austria. 

3.2.3 Estimate of the regional availability of district heating  

Existing district heating networks  

Currently, about 30% of the total Austrian district heating sales occur in Vienna, 

another 20% in 8 cities: Graz, Linz, Salzburg, Klagenfurt, St. Pölten, Wels, Villach and 

Lienz. Besides these (and some other relatively large heating grids, e.g. Kufstein) an 

estimated number of more than 1100 rather small, biomass-fueled district heating networks 

existed in 2008 (LEV, 2008a, 2008b). 

                                                 
31

 German title: ñArbeitsstªtten und Beschªftige nach BetriebsgrºÇe und Abteilungen der ¥NACEñ. 

32
 In German: ñOrtschaftenò. 






























































































































































































































































































































































































































































