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Abstract 

In the past decade several new technologies appeared on the German heating market. The 

most important of these are electric heat pumps, wood pellet boilers and solar thermal 

panels. The present dissertation tries to answer the question about the future development of 

the heating market by applying a mathematical simulation model. This model basically 

comprises of two parts: a decision model with a focus on the individual heating system 

decision and a market model which sets the frame. The decision model is a conditional 

multinomial logit model and is fitted based on survey data. It quantifies the influence of 

characteristics of the different heating systems as well as of the deciders, i.e. the 

households, on the heating system decision. The market model is a vintage stock model of 

heating systems in Germany and includes the modelling of further exogenous developments, 

like fuel prices and the application of policy instruments. 

The model results show that the market share of electric heat pumps will increase sharply in 

the years to come. This development constitutes an intensification of a trend already visible 

in the past years and is at the cost of decreasing numbers of fuel oil heating systems. In the 

segment of newly constructed buildings, heat pumps will displace gas condensing boilers as 

market leader. But also in existing buildings they will become an important player with more 

than 20% of market share in 2025.  

As main driver of the success of heat pumps, learning effects could be identified. Moreover, 

operational costs are favourable for heat pumps if prices for fuel oil and natural gas increase. 

Although electric resistance heating systems will be nearly completely phased out by 2025, 

demand for electricity in the heating market will be about 30 TWh higher than today, which 

will have significant impacts on the electricity market. As gas heating systems remain the 

most often chosen technology in existing buildings, yearly demand for natural gas in the 

heating market remains nearly constant. 

Although wood pellet heating systems can steadily increase their market share as well, their 

annual sales figures remain constantly on the level of the past years. Thus, wood pellet 

heating systems remain a niche technology with slightly more than 2% market share in 2025. 

Solar thermal boiler support is used in about 15% of all heating systems in 2025 and 

distributes more or less evenly to the different boiler types. 

As a consequence of the presented technological development, yearly CO2 emissions in the 

heating market will decrease strongly by more than 25% by 2025. Half of this value can be 

explained by exogenous energy efficiency gains of buildings, the other 50% by technological 

change and a decreasing CO2 intensity of electricity. 

In a sensitivity analysis, the presented results proved relatively robust. Furthermore, by 

applying an innovative random-walk methodology the author could show that the presented 

results are also quite stable across different fuel price scenarios.  
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Kurzfassung 

Im vergangenen Jahrzehnt haben im deutschen Heizungsmarkt einige neue Technologien 

Relevanz gewonnen. Allen voran sind in diesem Zusammenhang Wärmepumpen, 

Holzpelletheizungen sowie solarthermische Kollektoren zu nennen. Die vorliegende 

Dissertation wagt einen Ausblick in die kommenden Jahre bis 2025 und schätzt die 

zukünftige Entwicklung des deutschen Heizungsmarktes mit Hilfe eines mathematischen 

Simulationsmodells ab. Das Modell ist zweistufig aufgebaut: Ein Teil des Modells (ein 

konditionales multinomiales Logit-model) konzentriert sich auf die individuelle Entscheidung 

eines Haushaltes für ein spezielles Heizungssystem und basiert auf Umfragedaten. In 

diesem Modellteil wird die Bedeutung unterschiedlicher Merkmale der Heizungen sowie der 

Entscheider (also der Haushalte) quantifiziert. Der andere Teil gibt den Rahmen vor und 

bildet die Entwicklung des Bestands an Heizungssystemen sowie exogener Einflüsse, wie 

z.B. der Brennstoffpreise oder angewandter Politikinstrumente, ab. 

Aus den Ergebnissen der Modellierung ergibt sich, dass der Marktanteil elektrischer 

Wärmepumpen in den nächsten Jahren stark ansteigen wird. Dieser Anstieg geht auf Kosten 

eines deutlich sinkenden Anteils von Ölheizungen und stellt eine Fortsetzung und 

Intensivierung eines Trends dar, welcher bereits in den letzten Jahren sichtbar war. Im 

Neubausegment werden Wärmepumpen in den kommenden Jahren die Gasheizung als 

Marktführer ablösen. Aber auch im Gebäudebestand können sie bis 2025 einen Marktanteil 

von über 20% erreichen. Als hauptsächliche Treiber des Wärmepumpen-Booms konnten 

Lernkurveneffekte sowie relative Betriebskostenvorteile bei steigenden Preisen für Heizöl 

und Erdgas identifiziert werden. Aus der genannten Entwicklung resultiert ein stark 

ansteigender Strombedarf im Wärmemarkt: Trotz eines deutlichen Rückgangs der Zahl 

installierter Elektroheizungen steigt der jährliche Strombedarf um ca. 30 TWh bis zum Jahr 

2025. Da Gasheizungen im Gebäudebestand nach wie vor das meistgewählte 

Heizungssystem sein werden, bleibt der Gasbedarf im Wärmemarkt nahezu konstant. 

Holzpelletheizungen können zwar auch ihren Marktanteil steigern, im Gegensatz zu 

Wärmepumpen verharren die jährlichen Verkaufszahlen aber auf dem Niveau der 

vergangenen Jahre. Pelletheizungen bleiben somit eine Nischentechnologie und werden im 

Jahr 2025 in etwas mehr als 2% der Haushalte verwendet. 

Solarthermische Energie zur Kesselunterstützung wird in ca. 15% der Fälle genutzt. 

Die jährlichen CO2-Emissionen im Wärmemarkt sinken um mehr als 25% im Vergleich zu 

2009, was zu gleichen Teilen auf die aufgezeigte Entwicklung sowie auf einen exogen 

vorgegebenen Effizienzgewinn im Raumwärmebereich zurückgeführt werden kann. 

In einer Sensitivitätsanalyse sowie durch Anwendung einer innovativen Random-Walk-

Methodik konnte weiterhin gezeigt werden, dass die aufgeführten Ergebnisse relativ robust 

und weitgehend unabhängig vom gewählten Brennstoffpreisszenario sind.
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1 Introduction 

In the past decade several new technologies appeared on the German heating market. The 

most important of these are wood pellet boilers, electric heat pumps and solar thermal 

panels. Their introduction to the market occurred in a phase when oil prices (and energy 

prices in general) were as high as never before and at the same time political pressure to 

use more low-carbon technologies in the heating market in order to reduce CO2 emissions in 

this sector was high. The latter also brought about government grants for the investment in 

new low-carbon technologies, which together with technological development opened a time 

slot for the introduction of the mentioned innovations. 

The diffusion of these innovative technologies was further strengthened by a legislation 

introduced in the year 2009 by the German government, which makes the use of a defined 

share of renewable energy for newly constructed buildings obligatory. As a substitute 

measure, the energy consumption of a building can be reduced to 15% below the energy 

standard. These renewable obligations are only valid for the segment of newly constructed 

buildings.  

Residential space heating, like every energy market, can be viewed in the light of the energy 

policy triangle. This means that economic requirements, ecologic needs as well as aspects of 

security of supply have to be taken into consideration. In this context the conventional 

technologies in the heating market – fuel oil and natural gas boilers – show advantages with 

respect to economic performance (however, this advantage got smaller or partially 

disappeared with increased fuel prices), while the innovative technologies mentioned above 

perform better with respect to ecological requirements. Security of supply is more complex. 

Fuel oil and natural gas can be viewed critically in this context as the oil crises in the 1970s 

and 1980s and the recent natural gas dispute between Russia and Ukraine show. The 

security of supply of wood pellets and electricity (for the operation of heat pumps) can 

generally be rated higher. However, it remains unclear whether Germany could cover wood 

pellet demand from national resources in the case of a wood pellet boom and electricity is 

mainly produced from imported fuels (and will perhaps be imported to a significant share 

within some years). 

Compared to sectors like  transport or electricity generation the residential heating market 

has so far attracted relatively little attention from energy experts (and until recently also from 

policy makers), although it is responsible for about one fifth of CO2 emissions in Germany 

and a similar part of primary energy consumption. This is probably to a large extent due to 

the fact that it is a mass market with many individual deciders and different requirements. 

Their decision process is much more complicated to understand and influence than the 

decision process for the investment in large production units.  
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1.1 Energy demand for space heating 

Generally, energy demand and CO2 emissions from buildings can be controlled either by 

regulating the building insulation (=energy losses) or the technology with which the heating 

energy is provided. Policy measures in the German market for residential space heating 

have until recently mainly focussed on building insulation and minimisation of energy losses 

in buildings. This concept is working quite well for the segment of newly constructed 

buildings. New buildings today have an extremely low consumption of heating energy and 

this is scheduled to decrease to values near zero within the coming decade. However, the 

segment of newly constructed buildings represents only a small share of the market and 

stock turnover rates of buildings (i.e. demolition rates) are low in Germany. Moreover, in the 

stock of existing buildings only few advances have been reached with respect to the energy 

efficiency.  

This can be ascribed partly to the right of continuance which is kept high in Germany. This 

right assures that for an investment the legal status at the date of the investment is binding 

and economic burdens can’t be imposed afterwards without an important reason. As an 

obligatory energy standard for existing buildings could contradict the right of continuance and 

act like an economic burden, it has not been applied so far.  

With respect to heating appliances used in the heating market, fuel oil and natural gas boilers 

have been used for residential space heating successfully and with increasing efficiency for 

many decades. With the introduction of modern condensing boilers, however, they have now 

reached a physical barrier, at which a further increase of efficiency is no longer possible. 

Furthermore, a fuel shift from CO2-intensive energy carriers to fuels associated with lower 

CO2 emissions (as is possible in the electricity market) is not an easy option either, as the 

majority of boilers already are natural gas boilers. Therefore, new technologies are 

necessary in order to further reduce CO2 emissions.  

1.2 Objective and existing research 

As a consequence of the developments of recent years described above, this thesis tries to 

give an answer to the following questions:  

 How will the diffusion of the introduced innovative heating technologies develop in the 

future? What does this development mean for CO2 emissions and fuel consumption in the 

space heating sector? 

 Which role do the stock of existing heating systems and future fuel prices play in this 

development? 

 What are the main drivers of households to decide for or against a certain heating 

system? 
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 What are the limits of the range within which policy instruments can affect the market 

development, and which are the macroeconomic costs of different policy instruments? 

The thesis focuses on the market for individual heating systems, i.e. heating systems which a 

household can decide between. This includes fuel oil boilers, natural gas boilers, wood pellet 

boiler and electric heat pumps. Furthermore, the combinations of any of the mentioned 

boilers with a solar thermal heating support are considered. District heating is given 

exogenously in this thesis, as one single household can decide for or against a connection to 

a district heating system under quite special conditions only. The selection of technological 

options included in the model is discussed in detail in section 3.2. 

There is a huge amount of research on the topic of energy consumption in buildings. Most of 

it focuses on how to increase the energy efficiency of buildings and constrains its view to 

augmenting the thermal insulation of the building. Fewer research projects also take an 

integral look at the building, including the technical system responsible for heating/cooling 

the building.  

In the following paragraphs the most important research contributions which give attention to 

the above questions will briefly be presented. Subsequently a brief explanation as to why the 

existing research does not answer the given questions sufficiently is provided.  

 

Modelling the heating market 

IER (2010) made an energy prognosis for Germany until 2030 which includes the heating 

sector. Although the prognosis is technology-specific, they don’t give any details about the 

modelling methodology used. However, as we will see, their results are interestingly highly 

consistent with the results of the current analysis: Until 2030, the share of gas consumed in 

the heating market remains more or less constant, while the consumption of fuel oil 

decreases and the consumption of electricity increases. 

Beer, Corradini et al. (2009) performed a large study on CO2 reduction in Germany which 

includes a section on residential heating systems. In this context, they calculate three 

measurements for CO2 reduction: Replacement of all existing boilers with gas condensing 

boilers, replacement of all existing boilers with wood pellet boilers and replacement of all 

existing boilers with electric heat pumps. They also built a vintage stock model of buildings 

and boilers in order to calculate the cost and CO2 reduction of replacing boilers by more 

efficient ones. Their application of policy measurements, however, is quite inflexible and the 

question if and why households replace their heating system with a specific technology was 

not addressed.  

In their simulation tool Invert, Stadler, Kranzl et al. (2007) assess the economic efficiency 

and potential CO2 reduction of several policy measures. They also include the heating 

market in their analysis. For the heating system decision they use a so-called option 
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approach which does not only rely on monetary costs but also considers behavioural aspects 

by working with soft barriers e.g. on comfort aspects. The soft barriers modify the pure cost 

function so that it becomes something similar to the utility used in the present thesis. 

Calibration of the soft barriers is done by comparing calculated “optimal” (from a purely 

monetary point of view) and real heating system choices. The results for a case study on the 

city of Vienna show that promotion schemes for biomass and district heating are most 

efficient, however, potential is low. So, if ambitious goals are to be reached, more inefficient 

measures must be taken. 

Weiss, Dittmar et al. (2009) descriptively analysed the diffusion of condensing natural gas 

boilers in the Netherlands using data from 1981 to 2006. They first estimated a learning rate 

for gas condensing boilers in this time period and in a second step made a cost-benefit-

analysis of condensing boilers. In their results they qualitatively describe the influence of the 

net present value (NPV) of the investment in a condensing boiler on the acceptance of the 

consumers and the market share. However, their analysis remains descriptive and they did 

not try to quantify the influence of the NPV on sales figures. Finally, they conclude that 

technological learning, fuel price development and a government support of about 70 million 

Euros contributed to a reduction in CO2 emissions of 15 Mt in the considered time period.  

Sidiras and Koukios (2004) simulated the diffusion of solar hot water systems in Greece by 

evaluating a data set of Greek sales figures from 1974 to 2000. Cumulated system numbers 

were modelled by the sum of two S-shaped curves (one corresponding to households and 

one to hotels). Their simulation results in the cumulated sales numbers levelling off in 2010 

with about 2.1 Mil. m2 installed (they explain this by market saturation). In comparison: 

According to ESTIF (2011) the area of solar thermal collectors in operation in 2010 in Greece 

was slightly above 4.0 Mil. m2. 

 

Modelling the heating system decision of households  

Michelsen and Madlener (2010) analysed the household’s theoretical decision framework for 

the decision for/against a certain heating system. They discuss the applicability of the 

rational choice theory as well as behavioural economics and further approaches, coming to 

the conclusion that the heating system decision is influenced by personal-sphere 

determinants and perceptions (e.g. about economic factors). Based on this insight they 

construct a theoretical framework of the heating system decision, which is the basis for 

Michelsen and Madlener (2011). In their second paper, they made a discrete-choice analysis 

for Germany using a large dataset of surveys on the homeowner’s preferences in the heating 

system decision. The survey was aimed at homeowners who decided for a wood pellet 

boiler, an electric heat pump or a boiler in combination with solar thermal panels. Using 

stated and revealed preference data, the authors built a statistical model in order to quantify 
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the influence of several variables on the heating system decision. In a second step the data 

set is split up between newly constructed buildings and existing buildings. The authors’ 

findings show that there is a difference between both groups. Moreover, socio-demographic, 

spatial (where do the deciders live?) and characteristics of the building as well as 

preferences of the house owners influence the decision significantly. The latter are less 

important in existing homes. In their paper, the importance of cost is included in the statistical 

model as a dummy variable, so they distinguish between deciders for which e.g. investment 

cost did play an important role in the decision and deciders for which this is not the case. 

Consequently, in their model it is not possible to measure the influence of the exact level of 

costs. This, however, is crucial, when the decision process under a certain fuel price path is 

to be analysed. 

Achtnicht (2010) performed a choice experiment among house owners in Germany with a 

focus on environmental benefits of energy retrofits of existing houses. In the choice 

experiment the house owners could choose between a better insulation and a modern 

heating system with several varying characteristics. Evaluating the data set they estimate a 

standard logit model and a mixed logit model and found environmental benefits to have a 

significant influence on the heating system decision, but not on the insulation decision.  

Finally, they also calculate a willingness-to-pay (WTP) for CO2 reductions. According to their 

results, the WTP for a 1% CO2 emission reduction is 88 Euros, i.e. the investment cost could 

increase by 88 Euros if the heating system emits 1% less CO2 (ceteris paribus). This equals 

a WTP of approximately 123 Euros / t CO2. 

Braun (2009) uses a household data set of the German Socio Economic Panel and applies a 

multinomial logit model to the data. The data set contains house owners as well as tenants. 

Several significant variables are identified, like the age of the building. However, the 

methodology is doubtful, as the paper implicitly assumes that all households had the choice 

between several heating systems. In the case of house owners this is only the case if the 

heating system has been replaced during the time that the owner lives there. In the case of 

tenants, the heating system might to a small extent have influenced the selection of the 

home (as tenants obviously prefer heating systems with low operational costs). However, 

other factors usually are much more important in the dwelling choice. Therefore, drawing 

conclusions on the heating system decision is not possible using the mentioned data set.  

Mahapatra and Gustavsson (2008) analysed the influence of investment subsidies on the 

heating system decision in Sweden. The government grants were identified as important in 

case a resistance heating system was previously installed and less important if a fuel oil 

boiler was previously installed. Deciders with fuel oil heating system were classified as 

“laggards” in the innovation process which, in turn was used as a reason for the higher effect 

of the government grant. In contrast to deciders with an existing resistance heating system, 
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their heating system was quite old and they took the government grant as a chance to get a 

new heating system inexpensively. Among the properties of the heating system, economic 

aspects (investment and operational costs) and reliability (maturity of the technology) were 

identified as the most influential parameters.  

Beerepoot (2007) performed a study on the influence of public energy performance policy on 

the diffusion of solar thermal systems in the Netherlands. This was done by statistically 

evaluating a data set of energy performance calculations of real buildings which also 

included the heating system technology. A statistically significant correlation was found 

between the “energy performance regime” (which changed various times in the time period 

evaluated) and the chosen heating technology only in the case of efficient gas condensing 

boilers (“E-boiler 100”) and very efficient gas condensing boilers (“E-boiler 107”), but not for 

solar thermal systems or electric heat pumps. They conclude that the Dutch energy 

performance policy apparently favours incremental innovations (i.e. efficiency increases) 

rather than radical innovations (like solar thermal systems or heat pumps). 

Summing up, to the best the author knows, there is so far no model simulating the structure 

of the heating market and at the same time modelling the individual household decision 

based on real preferences determined in a survey. 

1.3 Approach and outline 

In order to determine the future development of the German heating market and the crucial 

parameters of the individual decision for or against a certain type of heating system and in 

order to assess the possible governmental influence on the future development, the author 

has developed a mathematical model. This model represents the basic units, the deciders, 

with the infrastructure existing in their homes (existing heating system etc.) and all properties 

identified as relevant for the decision process. If an existing heating system reaches the end 

of its life and has to be replaced the outcome of the decision process, which depends on the 

mentioned properties as well as on exogenous factors (like fuel prices and policy 

instruments), is determined. Decisions for heating systems in newly constructed buildings are 

modelled separately, as in this case there usually is no influencing existing. 

This thesis is structured as follows: Chapter 2 gives the theoretical background of innovation 

research and tries to integrate the innovations considered in this research in existing 

categorisations of innovations. Towards the end, the chapter focuses on the diffusion 

process of innovations and on different approaches used in literature to model this process 

mathematically. Finally, an adequate model type for the research questions at hand is 

selected. Chapter 3 presents the general model structure and specifies the considered 

technological options. Moreover, further assumptions are specified, most notably 

assumptions concerning the fuel price scenario generation and the learning rates of the 
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considered technological options. After the general introduction into the model, chapter 4 

evaluates data sources about sales figures of boilers in Germany. By modelling the mortality 

rates of fuel oil and natural gas boilers, the boiler stock in Germany is determined at the end 

of the year 2009. In addition to this, the heating energy demand of the existing buildings and 

further relevant building-specific properties (like radiator systems) are identified and the 

demand in the coming years for constructing new buildings in Germany is estimated. The 

chapter closes by assessing limitations of the market model. Chapter 5 then describes the 

model part for the choice of individual heating systems and also presents results of a survey 

on this decision which was carried out by the author. Finally, the estimation of a statistical 

model on the decision is presented and the significant variables are presented. After the 

model is then specified sufficiently, the results of the two-stage model are presented in 

chapter 6. Firstly these results imply a quantification of the influence of different parameters 

on the decision process. In the second step the results of the two-stage model, i.e. the future 

technological development of the heating market are shown. These results are presented for 

a selected fuel price scenario and – in order to determine the influence of the fuel price 

development – also for many generated fuel price scenarios. Moreover the development of 

fuel consumption and CO2 emissions from heating systems can be derived from the 

technological development. In a next step policy instruments – investment subsidies and 

renewable obligations – are applied to the model and the influences are shown. In a 

subsequent sensitivity analysis four further scenarios are calculated which are based on 

slightly different assumptions. The chapter terminates with a critical discussion of the model 

and the presented model results. The final chapter of the thesis contains some conclusions. 
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2 Theoretical Background: Diffusion of Innovations 

This chapter attempts to provide the theoretical background of the diffusion of innovations, 

which is necessary to understand the interrelations and the methodology of the chapters 

afterwards.  

In this chapter, firstly the terminology is defined and general aspects of innovations are 

discussed. Section 2.2 describes the innovation process, concluding with a small excursion 

into technological learning. After this, sections 2.3 and 2.4 focus on how the diffusion process 

can be modelled mathematically. 

2.1 Terminology and general aspects 

2.1.1 Definition 

The terminus innovation is used in many areas of life, often as a general description for a 

problem solver, where other direct approaches are not available or not visible. As in literature 

numerous definitions can be found, I would like to present two of them and then select one of 

them as a basis for the current work:  

 

 The successful implementation of new combinations of existing factors 

(“Durchsetzung neuer Kombinationen”) (Schumpeter 1952) 

 „An innovation is an idea, practice, or object that is perceived as new“ (Rogers 2003). 

 

The first definition comes from Schumpeter’s work The theory of economic development 

(Theorie der wirtschaftlichen Entwicklung) and at first seems a bit dusty and complicated. In 

the context, however, the definition appears quite precise and comprehensive. Schumpeter 

includes five cases in his definition: 

1. The production of a new product (or a new quality of a product) 

2. The introduction of a new process or production method 

3. Opening of a new market 

4. Opening of new sources for raw material 

5. Reorganisation of the economic structure of a market 

All of the abovementioned cases are also included in Rogers’ definition, as the term idea is 

very comprehensive and can also include points 3 to 5. So, in this sense, the presented 

definitions are similar. In contrast to Rogers’ definition above, however, Schumpeter’s 

definition is restricted to successful innovations, this means, innovations, which are 

introduced to the market. This shows that the term innovation can be defined in a broader 

sense, which includes new ideas which are presented to the market but do not (or not yet) 

diffuse, as well as in a narrower sense, which includes only successful innovations. In the 
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latter case the evaluation of whether an invention has become an innovation is only possible 

ex-post – at least some time must pass before one can decide if the market introduction is 

successful or not. 

In order to limit uncertainty (and because of methodological reasons discussed below), this 

thesis restricts to the analysis of innovations in the sense of Schumpeter, i.e. innovations 

which already entered the market and started to diffuse. Although there are promising 

technologies which are at a stage just prior to commercial introduction to the heating market 

(like micro CHP and natural gas heat pumps), these are not subject of research. 

The crucial criterion of Schumpeter’s definition commercial success restricts the power of 

innovation research as it restricts the object of research. However, Erdmann and Zweifel 

(2008) indicate that attempts to predict the success of inventions before their market 

introduction (i.e. before they become an innovation) have generally failed, which can be 

ascribed to the disruptive nature of innovations.  

2.1.2 Attributes of innovations 

Basic attributes of innovations are: (Rogers 2003; Hensel and Wirsam 2008) 

 Its degree of novelty. Novelty can be relative (something is perceived as new) or 

objective (something has not existed before). 

 Uncertainty (of time, cost, price, sales volume, success). The newer the innovation the 

higher is the uncertainty. 

 Its relative advantage in comparison to other existing products or processes. Generally, 

the higher the relative advantage, the faster the innovation will diffuse. 

 Compatibility with an existing technical infrastructure but as well with habits or a belief 

system.  

 Complexity, i.e. the perceived acquisition of skills or abilities which is necessary before a 

potential adopter can take advantage of an innovation. Generally, the lower the 

complexity, the faster an innovation will diffuse. 

 Trialability, the possibility of potential adopters to try the use of an innovation for a limited 

period of time, can help to reduce its uncertainty and in consequence can also increase 

the rate of diffusion, provided expectancies of users are not disappointed. 

 Observability (by others) refers to the observability of the properties or advantages of an 

innovation. The better the value of an innovation is visible (or the easier it can be 

communicated) the more the innovation will diffuse. 

In the heating market the relative advantage of one system compared to another can 

comprise several points: most importantly the cost of the heating energy generation1, but 

                                                 
1 Incidentally, how consumers weight investment and operational costs can be quite different. 
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also environmental friendliness, security of supply, security against volatile fuel prices etc. 

The importance of the attribute “compatibility” for the topic of this thesis can be shown with 

the example of wood pellet heating systems. The use of wood pellet boilers is much more 

common (and geographically began to spread from) Austria, Sweden and southern 

Germany. An explanation can be found in the tradition of using wood for heating purposes in 

the mentioned regions. In northern Germany or the Netherlands, where there are less forest 

areas, wood pellets diffuse much more slowly. In northern America, wood even often has the 

image of being a dirty fuel (which it was some decades ago). In these regions it will be much 

harder to convince people to invest in a wood pellet boiler.  

Complexity and trialability are of lower relevance in the heating market. As it is a large 

investment implying a large share of sunk cost (installation), it is per se not possible to “try” to 

use a heating system for a short period of time. With respect to the complexity, the 

development towards ever more comfortable heating systems must be noticed. Modern gas 

heating systems operate fully automatically and require hardly any attention by the user. 

Today, this is usually a pre-requirement for any heating system considered by the consumers 

and therefore all new technologies entering the market must (and do) fulfill it. Only in the 

case of wood pellets, certain boilers are offered which require more attention by the user, like 

cleaning the combustion chamber. In the view of the author, however, these are products for 

a niche group (which either consider their heating system a kind of hobby or can’t afford a 

higher quality product for economic reasons) only. 

Observability has usually not been a topic in the heating market, as a heating system was a 

component of the technical equipment of a building and was not observable from outside the 

building. However, with respect to solar thermal systems, the opposite is true: They are often 

very well visible and give the building a touch of “green” and are sometimes also perceived 

as stylish. 

2.1.3 Categorisation of innovations 

There are several criteria with respect to which innovations can be categorised. In the 

definition of Schumpeter shown in section 2.1.1 five categories of the object of innovation 

have already been presented. The heating systems under examination in this thesis all 

belong to the first type (product innovation). 

Product innovations can be categorised further in network goods and singular goods, which 

has an important effect of how the diffusion can be modelled mathematically. Network goods 

derive (at least a part of) their utility from the wide-spread use of the respective good and 

therefore are subject to positive external effects. Network goods, which derive their utility 

only from the wide-spread use, are called system goods. A common example for a system 

good is the telephone. Without the existence of other telephones, a telephone is completely 
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useless. With increasing number of participants in the telephone market, a phone gets more 

and more useful, as the number of people with whom one can communicate with by phone 

increases.  

In the heating market, there are no such strong network effects. However, a part of the utility 

of heating systems also depends on the degree to which the respective heating technology is 

used by others. Natural gas, for example, usually is a pipeline-bound fuel, which means that 

it will be not available (in this comfortable form) if there isn’t a critical mass of users in the 

area (the gas pipeline grid obviously shows network effects). For other heating systems, the 

same is true with respect to fuel supply and the existence of personnel for installation, 

maintenance and repairs. For example, the more wood pellet heating systems are installed in 

a region, the easier will it be to find a company which delivers wood pellets (and perhaps the 

lower will prices be, as the companies have to cover shorter distances to their customers), 

and the better will local plumbers know how to repair a wood pellet boiler.  

A further categorisation can be made with respect to the extent of the influence of the 

innovation on the markets (which can, but must not necessarily, be a result of its degree of 

novelty):  

 Incremental innovations only have influence on an existing market and affect one (or 

few) parameters of a product or process. 

 Radical innovations require extensive changes in existing production systems 

(Hensel and Wirsam 2008) 

 Breakthroughs (or basic or system innovations) create a completely new market and 

often lead to many more innovations 

Since the introduction of fuel oil and natural gas boilers, both have developed significantly. 

Compared to boilers introduced in the 1960s and 1970s, today’s fuel oil and natural gas 

boilers are much more mature, comfortable, efficient and environmentally friendly (less 

pollutant emissions). Every step of this development (e.g. the step from conventional to 

condensing technology (see section 3.2.1)) can be regarded as an incremental innovation. 

The market entries of the technologies examined in this thesis (wood pellet boilers, electric 

heat pump heating systems and solar thermal systems), however, can be regarded as 

radical innovations, as they open up the possibility of using a different fuel. This requires 

larger changes in the economy, in the case of wood pellet boilers the production of wood 

pellets. 

2.1.4 Further aspects 

The majority of people perceive the term innovation as positive. Innovations often cause a 

structural change which is usually accompanied by economic growth. Moreover, an 

innovation implies an increase of the factor productivity, i.e. with a given set of inputs (labour, 
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capital resources) a greater output can be achieved. Rogers states that “most diffusion 

activities in most countries have beneficial consequences for most people who adopt the 

innovations that are promoted” (Rogers 2003). However, innovations are not per se positive, 

as they can also have negative consequences e.g. on employment or the ecosystem. Rogers 

presents a quite drastic counterexample of the diffusion of ultrasound prenatal sex 

determination tests in rural China and India. This “innovation” in the eyes of Rogers resulted 

in a “female infanticide”, because the parents in these areas have a strong preference for 

sons and therefore abortion rates after having determined an unborn child as being female 

increased heavily. Even the prohibition of the mentioned sex determination tests could not 

solve the problem.  

This thesis limits itself to the descriptive analysis of the diffusion of innovations. The 

consequences of possible future developments are described without assessing the 

innovation ethically.  

The fundamental reasons for the emergence of innovations are usually categorised into 

“technology push” and “demand pull”. 

Technology push is given if technological development (usually induced by resources spent 

on research and development (R&D)) leads to an innovation. Although innovations cannot be 

generated systematically, it can be observed that the higher the resources spent on R&D, the 

higher the probability of creating an innovation. In this development, changed factor prices 

(e.g. by the introduction of taxes) can channel the innovation process into a specific direction 

(which saves the factor which has become more costly). Often a technology-push innovation 

begins with an invention induced by R&D. In a subsequent step, the marketing division 

searches for potential sales markets for the invention. 

Demand pull is the case when an innovation is based on (potential) customer demand. 

Sometimes, this demand does not yet exist, but the entrepreneur hopes to be able to create 

the demand once the product is ready to be introduced. In the company, the role of the 

divisions is reverse to the situation described above: The initiative comes from the marketing 

division, which notices the customers’ desires and gives this knowledge to the R&D division, 

which, in turn, has to find a technical solution. The government can influence demand for 

new product solutions by forcing its institutions to ask for a certain product or service (so the 

state takes the role of a pioneer), by raising taxes on existing solutions or by introducing 

prohibitions or standards/obligations (e.g. minimum efficiency standards). The use of 

obligations as a policy instrument can also be observed in the German heating market and 

will be topic of this paper later on (e.g. section 4.1.2).  

Integrating automatic wood pellet boilers, electric heat pump heating systems as well as 

solar thermal systems in this categorisation is difficult. The principles of solar thermal 

collectors and electric heat pumps have been known for many decades; however, both have 
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been developed further to a commercial product in consequence of the oil crises in the 

1970s, which suggests that they are demand pull technologies. That both – together with 

wood pellet systems – were re-introduced to the market in the early 2000s further confirms 

this. However, between the 1980s and 2000, electronic regulation possibilities were 

developed. This probably also played a part in the successful introduction of the technologies 

in the 2000s (and perhaps prevented a second failure). 

2.2 From idea to market leader: The innovation process 

As a first classification, the innovation process can be divided into three steps: Invention, 

introduction and diffusion. This classification can be refined further in the early stages, e.g. 

by adding the steps R&D (which itself could be divided into basic research and applied 

research) before the invention and proto type between invention and introduction.  

2.2.1 Invention 

An invention is something objectively (or legally) new, e.g. a new finding, a new technological 

idea or solution, or a physical process. It can be the outcome of fundamental research of an 

institution or a company (in the latter case usually with the concrete aim to sell a certain 

product). However, inventions can also occur by chance (e.g. as a by-product of research 

originally aimed at a different direction) or can even be developed by lead users who see a 

specific need and after the invention try to convince a company to produce and market their 

invention. 

A typical feature of an invention is the application for a patent in order to protect the idea 

from being copied by others. Patents are necessary as research activity implies positive 

external effects and if there were no possibilities to protect research results, companies 

would tend to do research only on a suboptimal low level (Erdmann and Zweifel 2008). This 

is also the justification for frequent governmental subsidies for research activity.  

If an invention is ultimately successful and can be protected, a company can make profits 

from its relative advantage compared to its competitors (its first-mover-advantage). However, 

it can never have total monopoly of the invention, as a patent itself (which has to be made 

public) can give hints to competitors about how a product could be copied (perhaps with 

small variations) (Erdmann and Zweifel 2008). 

Steger, Achterberg et al. (2002) further point out that an invention is neither necessary nor 

sufficient for an innovation (however, a higher invention activity usually increases the 

frequency of innovations). In contrast to the invention, an innovation has only to be perceived 

as new by the potential adopters (as mentioned above in the definition of Rogers). 

The example of the fuel cell points this out very clearly: The invention of the fuel cell lies back 

in the 19th century (it was originally discovered by Schönbein in 1838 (Andújar and Segura 
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2009)). However, the fuel cell has never become an innovation, because of the lack of 

successful commercialisation (at least in mass markets) and the lack of diffusion. If the fuel 

cell was introduced to a mass market today (e.g. in the automobile sector), it could become 

an innovation, although the invention lies more than 150 years in the past. 

2.2.2 Introduction 

The market introduction is often referred to as the innovation in the strict sense and is a main 

distinctive feature between invention and innovation. This is illustrated by an example given 

by Erdmann and Zweifel (2008) on the area of energy efficiency. A lot of ideas and 

inventions have been developed, describing how energy efficiency in various sectors could 

be increased. There is certainly no lack of inventions. However, only few of the proposed 

concepts have been implemented and are offered as a commercial product. Either there are 

no companies that expect that the future profit will cover the initial expenses plus a risk 

margin, or there is no market for the concept, i.e. the concept is not attractive for consumers. 

This highlights the inherent uncertainty at the stage of introduction. 

In the introduction phase, adoption (or rejection) plays a key role and the importance of 

communication starts to increase. In order to convince consumers to buy this product, 

information (e.g. the advantages of the innovation compared to existing products) has to be 

passed on to the potential adopters. This can happen through various communication 

channels, like mass media, scientific studies or simply the persuasive power of salesmen.  

The individual adoption (or rejection) decision is the result of a complex mental process, 

which can be classified into awareness, interest, evaluation, trial, persuasion, decision, and 

finally adoption and confirmation (Rogers 2003; Hensel and Wirsam 2008). In all of the steps 

the consumer tries to reduce his uncertainty about the innovation. The process is not strictly 

sequential, steps backwards are generally possible.  

With a view on innovating companies, Erdmann and Zweifel (2008) further accentuate the 

empirically observed heterogeneity of the innovation behaviour of companies in the same 

sector. While economic rationality suggests that two very similar companies would act 

equally with respect to a certain innovation, this cannot be observed in reality. In contrast, 

innovations are rarely adopted by a whole sector at the same time, but it is almost always 

one single company which leads the way and – if successful – has the first-mover advantage 

thereafter.  

2.2.3 Diffusion 

Diffusion is the process of time-delayed adoption of an innovation (Herberg 2008); the 

diffusion path is the result of cumulating individual decisions. A fundamental reason that not 

all adopters adopt at the same time can lie in the heterogeneity of adopters. Potential 

adopters react differently on changes in exogenous factors like declining product costs, 
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increasing product quality or increasing consumer acceptance over time. Further reasons 

can be the diffusion of information as well as positive externalities (e.g. network effects 

already mentioned in section 2.1.3). Generally, the discussion about diffusion of innovations 

is about the adoption of innovations, which can only be done once by the same person. 

Therefore it includes only first-time buyers (replacement purchases are excluded). This is 

analogous to the spreading of a disease which in most cases an individual can’t suffer from 

twice because of immunity (we will come back to this analogy in section 2.3.). 

The diffusion path in its cumulative form usually takes an S shaped course (Stoneman 2002). 

Diffusion starts slowly and then speeds up. After reaching its maximum the rate of increase 

finally declines again. In this course adopters are usually classified according to their 

“innovativeness” which can be measured by the relative point in time at which they adopt an 

innovation compared to other members of a social system (the classification is based on 

Rogers (2003)): 

1. Innovators 

The first 2.5% of adopting individuals are called innovators. Roger describes them as 

“venturesome”. They don’t have a special need for the innovation, nor have they 

heard about its advantages (as there is nobody who could have told them about the 

innovation); they are interested in everything new. Often they have to accept high 

transaction costs (for actively searching for information) or they have to carry the 

costs of the decision for an innovation which finally turns out to be unprofitable. 

Therefore, they are often financially well-equipped and the price consequently plays 

only a minor role. For the latter, they are often also characterised as the “rich and 

curious”. 

2. Early adopters 

The next 13.5% of adopters are referred to as early adopters. Early adopters are 

usually better integrated in a social system than innovators and often are something 

like opinion leaders. They have a high social status and therefore have a high 

credibility. Advice and information they provide is much valued. Therefore the fact 

that they adopt the innovation often means that the innovation is beginning to “take-

off” and they are quite important for companies to persuade.  

3. Early majority 

The early majority consists of the next 34% of the adopters and so of the people that 

adopt just before the average. Their main driver is not to adopt too early (in order to 

avoid being a guinea pig or bearing unnecessary risks) but also not to be too late. 

They usually follow the example of the early adopters. 
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4. Late majority 

The next 34% of the adopters are called late majority. The typical member of this 

group is quite sceptical towards everything new, and the adoption often takes place 

under social pressure or is an economic necessity. 

5. Laggards 

The remaining 16% that adopts an innovation at last often consists of people blamed 

as “traditionalists” or “irrational”, as they don’t follow the main-stream and the 

recommendations of the large majority of people. Their resistance or caution with 

respect to new ideas can be economically motivated, as they want to be certain that 

an idea will not fail, before they spent their scarce resources on it.  

 

Research on the diffusion of innovation addresses various questions, among them the speed 

of diffusion (descriptive), the determinant of this speed (explicative) and possibilities of 

influencing the diffusion process (Herberg 2008). This work tries to gain insight into the 

adoption decision, tries to model the overall speed and finally analyses possible policy 

influence on the diffusion path and therefore aims at all three. 

2.2.4 Diffusion and technological learning  

One possible reason for the diffusion of innovations is technological learning. The theory of 

technological learning (also referred to as learning or experience curve theory) describes a 

phenomenon observed for a range of newly introduced products: With increasing number of 

products yielded, the production cost decreases. This phenomenon has been analysed 

intensively, examples from the energy market include PV, wind and biomass. A valuable 

compendium of studies on learning rates for energy technologies can be found in McDonald 

and Schrattenholzer (2001). Kahouli-Brahmi (2008) gives a useful summary of the 

application of the concept of technological learning in energy-environment-economy 

modelling. The reasons for the cost decrease have been identified, the main one being 

technological learning, described by McDonald and Schrattenholzer (2001) as technology 

manufacturers cumulative experience. This implies, among other things: learning-by-doing, 

learning-by-using, learning by interacting processes and research and development 

(Krzyzanowski, Kypreos et al. 2004). In this process, many incremental innovations can 

occur.  

Largely correlated to learning effects but fundamentally something different are economies of 

scale, i.e. the decrease of production costs by larger producing units (factories or plants). 

Because of the high correlation, however, both are quite hard to divide in empirical studies. 

Therefore, usually a learning rate is applied which implies both – technological learning and 

economies of scale (Erdmann and Zweifel 2008). 
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In situations where the cost of learning until a commercialisation of a product is possible – 

the “learning investment” – is too high to be borne by the market, it can also be carried by the 

state. The state can carry these costs by creating demand (through regulation, subsidies or 

by creating demand in its own entities). From a macroeconomic point of view, such a 

government-powered learning investment is reasonable if the politico-economic benefits after 

the implementation of the learning curves are higher than the initial expenses.  

One of the shortcomings of the learning curve theory is that it describes production costs of 

products, which are usually not directly observable during research. As a substitute, the 

prices of the products are often used for determining the learning rate, which inherently 

implies an uncertainty. A second inaccuracy often comes from using the sales figures instead 

of production numbers (production can go into the stock if a part can’t be sold in a certain 

period).   

Mathematically, the learning rate LR describes the cost reduction achieved after every 

doubling of the cumulative production in percent. If the product cost in a basis year pcBY, the 

cumulative number of produced products in the basis year NBY, the cumulative number of 

produced product in the current year NCY and the learning rate are given, the product cost in 

the current year pcCY can be determined with the following formula (compare e.g. Weiss, 

Dittmar et al. (2009)): 

∙  

 

Historic learning rates in energy technologies have usually been between 10 and 30% (IEA 

2000). 

Learning effects are not only a macroeconomic phenomenon but also occur on a corporate 

level. In this, the innovator company has a first-mover advantage, as it collects experience, 

skills and tacit knowledge. Especially when there are high fix costs, the market entry barrier 

for competing companies increases, if the first mover can implement learning effects (and if 

he passes decreasing costs on to consumers by lowering prices). If the innovator company 

can set standards2, this effect is even more pronounced. Spillover-effects (e.g. by 

headhunting of employees) finally lead to a market entry of competing companies and 

impede a permanent monopoly.  

Technological learning is a self-energising phenomenon. Decreasing costs lead to a 

decreasing product price, this leads to higher sales figures, which in turn lead to increasing 

production and to decreasing costs (and so on). As this is especially important in the 

modelling context, we will come back to this later on. 

                                                 
2 Incidentally, setting standards is also a topic with major relevance in the innovation process 
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2.3 Modelling the diffusion of innovations 

Over the past decades several mathematical modelling approaches for the market entry and 

subsequent diffusion of innovations have been developed (see e.g. Mahajan and Peterson 

(1985) and Herberg (2008)). The approaches can be generally classified into two categories: 

macroeconomic and microeconomic diffusion models. In the following sections, advantages 

and disadvantages of both types are discussed. In large parts, the classification follows 

Herberg (2008). 

2.3.1 Macroeconomic diffusion models 

The first modelling approaches in innovation research can be found in the 50s and 60s of the 

past century and were characterised by very good descriptive results: The models could 

explain the course of the diffusion from an ex-post perspective with a very high degree of 

accuracy. All the different applications of macroeconomic innovation diffusion modelling in 

the past have one feature in common: the “S shape” of the resulting curve, which describes 

the cumulative number of adopters over time (see Figure 1). Adoption of an innovation is at 

first low (only the innovators adopt), increasing more and more over time (when the early 

adopters and the early majority are involved) and ultimately slowing down when the 

maximum market share of the innovation is nearly reached (and the late majority and the 

laggards finally also adopt the innovation) (Mahajan and Peterson 1985). 

 

Figure 1: Typical S-curve resulting from a logistic function 

One of the first models was quite simple from a mathematical point of view and applied the 

existing modelling approach of the dissemination of epidemics to the diffusion of innovations. 

The model therefore is also called the epidemic model. Once started, the diffusion is only 

dependent on its previous course, and is independent of outside influences. This is why the 

model is also called endogenous model. It is a rough model describing the diffusion process 

as a macroeconomic phenomenon and ignoring the heterogeneity of the adopters.  

0%

100%
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The modelling approach implies an increasing adoption probability over time. In the case of 

diseases this assumption is quite clear and based on the transmission of the disease. 

Applied to innovation diffusion, the justification is not that clear. In literature, typically given 

reasons for such an approach are the diffusion of information (e.g. about the existence or the 

advantages of the innovation) or social pressure (Bass 1969). The first adopters (innovators) 

do not depend on those external influences but adopt the technology on their own. 

In the Bass model (Bass 1969), the probability that a potential adopter adopts the innovation 

in time period t is described mathematically as  

P t p
q
m
Y t , 

where the constant p is an indicator of the influence of innovators, the constant  is an 

indicator of the influence of imitators (or the pressure of the social system), and Y(t) is the 

number of previous buyers (or persons that already adopted the innovation). At the very 

beginning of the diffusion process, there are no persons that already adopted (i.e. Y t 0), 

which implies that all potential adopters in the first time period are innovators. This is 

consistent with the hypothesis assumed for the diffusion of innovations.  

The Bass model was used for forecasting the number of adoptions in future time periods and 

is still very widely used in marketing (Rogers 2003). However, it also has several 

shortcomings with respect to applicability as well as theoretical foundation:  

 The maximum market share has to be predefined. This requirement makes the 

application difficult in early stages of innovation when no reliable prognosis is 

available.  

 The ex-ante static maximum market share is also theoretically doubtful as it excludes 

possible adaptations of the innovation (e.g. technological enhancement) as well as 

changes in the adoption criteria of the consumers.  

 Discontinuance of the adoption of an innovation (discontinued use of the innovation 

after a time) is not possible at all (Mahajan and Peterson 1985)  

 The curve parameters can be estimated only if the time series comprises of a 

minimum of  10 data points, which must include the point of inflection of the S-curve 

(Herberg 2008). 

 The model can’t give any information about the individual decision. The reasons of 

the potential adopters for adopting or not adopting the innovation remain unknown.  

Further points of critique can be found in Herberg (2008) and Mahajan and Peterson (1985). 

The latter show further developed mathematical formulations which try to overcome at least a 

part of the weaknesses of the fundamental model and make it slightly more flexible. The 

requirement of symmetry of the adoption curve and the necessity of the point of inflection 

being reached at exactly 50% of the maximum market share can, for example, be offset by 
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those variations. However, the fundamental critical points remain: All of the proposed models 

describe the diffusion of an innovation as something irretrievable insofar as, once started, the 

diffusion of the innovation will continue until it reaches its predicted market share. This 

means, all modelling approaches are based on the ex-ante assumption that the innovation is 

successful. Whether or not the innovations appearing in the heating market today will be 

successful cannot, however, be determined by this approach.  

For the reasons given above the epidemic model is not the model of choice for the present 

research questions.  

2.3.2 Microeconomic models  

In contrast to macroeconomic models, the microeconomic approach models the individual 

adoption process. Decisions of heterogeneous  individuals or groups can, in a second step, 

be aggregated to a market diffusion curve (Herberg 2008). This approach overcomes two 

important limitations:  

 The diffusion of innovation process remains open; neither there is an ex-ante need for 

the innovation to be successful, nor is the form predefined. This is crucial for the topic 

at issue, as the innovations to be evaluated (wood pellet boilers, electric heat pumps 

and solar thermal collectors) all have entered the commercial market only recently 

and therefore are at the very beginning of their diffusion curve. 3 

 Heterogeneity of the population of potential adopters can be considered. The 

heterogeneity can be related to income, individual preferences, etc. Consumer 

behaviour is no longer just a black box, but becomes the foundation of the diffusion 

process. Thereby, a much more profound understanding of the reasons of potential 

adoption or non-adoption of an innovation can be obtained. Only with this knowledge 

is it possible to determine potential intervention points to the diffusion curve. 

Moreover, a transformation of the utility of an innovation in time is possible (the utility can 

e.g. increase in time because of decreased costs, network effects or increased knowledge 

about the reliability of a product).  

Over the past decades numerous different types of microeconomic models have been 

developed. They all have one thing in common: Potential adopters make their decision on 

adoption or non-adoption based on some kind of adoption rule. Herberg (2008) classifies into 

 game theoretical approaches, 

 life cycle approaches and 

 threshold value approaches, 

                                                 
3 The commencement of a diffusion of electric heat pumps was seen in the early 80s. However, this 
diffusion was discontinued after a few years and so the diffusion process can now be regarded as 
newly started. More details of this topic will be discussed below.  
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which is a similar classification to that made by Mantsch (2001). The latter focuses his 

analyses on diffusion of innovations among companies (not households).  

In addition to those three categories, both mention the evolutionary approach which is – in 

contrast to the aforementioned – a disequilibrium approach. This means that the diffusion of 

an innovation is perceived as a transition of one equilibrium to another.  

Further distinctions of diffusion of innovation models can be made. Corsten, Gössinger et al. 

(2005), for example, make the useful general distinction between singular goods and network 

goods. As already discussed, the utility of heating systems is generally independent of wide-

spread use, modelling the diffusion of network goods is not described here. 

For the game theoretical approach, Herberg (2008) presents an example from literature: An 

innovation for which the price decreases in time while the utility is inversely proportional to 

the number of companies having adopted the innovation can diffuse in a way that, for game 

theoretical reasons, the adoption process looks like an S-curve (some companies adopt later 

than others) even if a group of homogeneous companies is analysed. Mantsch (2001) 

provides a very detailed description of the theory of game theoretical innovation models. 

However, game theoretical diffusion models have some important restrictions, such as the 

fact that (in the mentioned example) the companies have to make a decision about adoption 

time as soon as the innovation appears. Moreover, the special assumptions (decreasing 

price and utility) are made without explanation. Furthermore, the use of game theoretical 

approaches would be difficult to justify for households, as there are (aside from very few 

exceptions) usually no strategic interdependencies between households, particularly in the 

field of heating technologies. 

Life cycle diffusion models have a focus on the structure of the industry involved in an 

innovation. They regard the diffusion of an innovation as a process with three phases: In the 

first phase, companies focus on improving the product innovation (which implies a high rate 

of product change), while in the second phase, the innovation takes a definite form and the 

companies focus on maximisation of the sales volume. In the third and final phase, the cost 

reduction is the main focus. A consolidation of the market takes place as a result of fierce 

competition between producers. With help of this model, information about the number of 

companies involved in an innovation, the strategy of the companies as well as the number of 

product variations can be obtained. For the research questions of this thesis, the model 

cannot provide significant gain in insight, as it focuses on the production industry of an 

innovation rather than on the adopters. 

Threshold value models are based on the assumption of rational behaviour of the 

consumers: Every decider calculates some form of utility of a new innovation at every point in 

time. If this utility exceeds a certain limit, the consumer decides to adopt the innovation. If the 

heterogeneity among consumers is restricted to one dimension and distributed steadily, the 
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threshold condition for the utility can be translated into a threshold condition for the 

heterogeneous attribute: The critical utility is exceeded if and only if the respective attribute 

exceeds (or decreases below) a certain value (Herberg 2008). In consequence, the diffusion 

path results from (1) a decrease of the critical utility in time, (2) a change of the utility function 

(as a function of the heterogeneous attribute) in time or (3) a change of the distribution of the 

heterogeneous attribute in time.  

Mantsch (2001) further distinguishes models of Bayesian learning (Herberg (2008) includes 

this type of model in the category of threshold value models). Models of Bayesian learning 

assume a globally increasing knowledge of advantages and disadvantages of an innovation. 

This knowledge is assumed to increase in time independently of whether companies search 

actively for information or not or whether the innovation “diffuses” (i.e. is being sold) or not. 

The effects of uncertainty of this global knowledge on the diffusion are captured by the 

modelling approach; the theoretical foundation of the mentioned assumption, however, 

remains doubtful. 

Herberg (2008) describes three “classical” threshold value models in detail with the result 

that they have a very good applicability in describing real (past) diffusion curves. Moreover, 

he finds that this model approach – in contrast to the epidemic approach described in the 

previous section – gives a good explanation for the microeconomic foundation (i.e. the 

individual adoption process) of the diffusion of an innovation and is much more flexible. On 

the other hand, the presented modelling approaches can still only handle a one-dimensional 

heterogeneity of the consumers and can represent feedback processes only inadequately. 

Both are strong restrictions, which can be overcome with a model type which has 

increasingly been used during the past years: the discrete choice model. 

2.3.3 Discrete choice models 

Discrete choice models can also be regarded as threshold value models in the sense that 

they also model the decision process by calculating a utility of a product. The decision for a 

product is made if the utility for this special product is higher or lower than a certain threshold 

(e.g. the costs of the product). However, in the typical choice situation the decider chooses 

between more than one alternative, so in this case the decision is made for the alternative 

with the highest utility. Because of their universal applicability they are usually not classified 

explicitly as “diffusion of innovation” models: Discrete choice models can be used to model 

any decision process, where the choice is between a set of alternatives, not simply between 

an innovative and a conventional choice. The supplement ‘discrete’ sets a contrast to 

classical consumer theory in which the question of ‘how much should the consumer buy?’ is 

answered by optimising the consumer’s situation. In the latter case demand can be modelled 
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by linear regression and optimal consumption can be calculated by using first-order 

conditions (Ben-Akiva and Lerman 1985).  

Standard textbook appliances of discrete choice models are: the choice whether to 

participate in the labour market, the election of a specific political party or the choice of the 

mode of transport (car, bus or train). Discrete choice models are also referred to as 

qualitative response models (Greene 2008), rank models or probit models (Stoneman 2002). 

In this thesis the terminology ‘discrete choice model’ is used, as this terminus indicates that 

the core focus of the model is an individual choice situation. 

Whether the decider is an individual, a family, household, company or public authority is 

irrelevant for discrete choice theory, because there will always be some kind of decision rule 

even if there are complex internal interactions between the actors of a group. In discrete 

choice models this rule is founded on the random utility theory. In this theory, consumers are 

assumed to choose from a finite set of alternatives according to choice probabilities which in 

turn are functions of the calculated utility of the respective choice. In contrast to the random 

utility theory, constant utility theory explains the utility only from the observed attributes of the 

choice alternative (like price, comfort etc.) and attributes of the decider (age, income etc.). 

Because of observed inconsistencies in choice behaviour, random utility theory in addition to 

the observable part (explained by the mentioned heterogeneities) assumes a non-observable 

part, which is assumed to be distributed stochastically (Temme 2007). In consequence, the 

utility itself becomes a random variable. Ben-Akiva and Lerman (1985) give four reasons that 

explain the existence of randomness in choice behaviour:  

 unobserved attributes of the choice alternatives, 

 unobserved variation of the consumer taste, 

 measurement errors and imperfect information and sometimes also 

 variable design (non-observability of true parameters) 

Train (2003) interprets the random utility as the variance of the unobserved factors over a 

population of decision makers that have identical observed factors.  

Random utility theory allows for the assumption that the individual behaves rationally and 

always selects the alternative with the highest utility. Unfortunately, however, the true utility is 

unknown by the researcher. In this perception, the choice probability of one alternative is the 

probability that the utility of the respective alternative is higher than the utility of any other 

alternative. Mathematically, the probability P that individual n chooses alternative i can be 

calculated as follows: 

 Pr ,  (2.1)
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As mentioned above, the utility is composed of an observable and a random part: 

  (2.2)

Vin is referred to as the systematic component, while εin is called the disturbance or just 

random component (Ben-Akiva and Lerman 1985). Vin is deterministic (non-random) and is 

usually modelled as a linear combination of the observable attributes: 

 , , ,  (2.3)

with zin the vector of alternative specific variables, Sn	the vector of decider specific variables, 

β the estimated coefficients (at first unknown) and ki	an alternative specific constant.  

From (2.1) and (2.2) follows:  

 Pr ,  (2.4)

In (2.4), the right side of the inequality is known, as Vin and Vjn are deterministic. So the 

choice probability P i  can be calculated if the distribution (not the exact values) of the 

stochastic component	ε is known by evaluating the integral of the probability density function. 

Different discrete choice models can be derived from different distributions of this 

component. In some cases, the integral takes a closed form, so that it can be solved 

analytically while in other cases it must be approximated by simulation. 

The numerous types of discrete choice models can be applied in different cases. In all of 

them the outcome (i.e. the dependent variable, the choice) takes integer values 1, 2, 3... The 

models can be classified further in ordered and unordered models: In ordered models a 

natural order of the characteristics of the dependent variable exists while this is not the case 

in unordered models. Most discrete choice models are unordered models; in these the model 

outcome (e.g. 0/1) is just a coding, the numbers itself don’t have any meaning. An example 

for an ordered model is the opinion with respect to a certain type of legislation. In this 

example the 1 can represent “strongly opposed”, 2 “opposed”, 3 “neutral”, 4 “support”, and 5 

“strongly support” (Greene 2008), so the numbers represent a rank of the opinion.  

Generally, in unordered models (as we have in the case of the choice of a heating system) 

linear regression is not applicable. Rather, the estimation method of most of the model types 

is maximum likelihood (Greene 2008).  

Certain restrictions apply to all types of discrete choice models:  

 There must be a finite number of decision alternatives, i.e. the dependent variable 

can only take n values. This distinguishes logistic regression from linear regression, 

where the dependent variable is continuous and therefore not restricted.  

 The list of assumed choice alternatives must be exhaustive, i.e. cover all thinkable 

possibilities.  
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 All alternatives must be mutually exclusive (the choice of one specific alternative 

implies not choosing any other alternative). 

As already mentioned, different specifications of the density of the unobserved factors lead to 

different choice models with different properties. Ben-Akiva and Lerman (1985) describe a 

(partially) linear probability model as a very simple form. However, as in a linear model 

choice probabilities can equal one although the researcher might observe that the choice 

was made differently, the behavioural justification of this model type is low.  

The most common approaches are presented in the following sections. 

2.3.3.1 Logit model 

One of the most prominent and by far the most often used discrete choice model is the logit 

model. In the logit model the stochastic component ε is Gumbel distributed (also called 

independent and identical distributed extreme value, iid). Logit analysis was established in 

1959 by Luce. In 1974, McFadden perfected the theoretical foundation by producing the 

proof that the unobserved part of the utility in the logit model is necessarily distributed 

extreme value. For this groundbreaking finding, he got the Nobel Prize in Economic Sciences 

in 2000 (Train 2003).  

The logit model is based on the assumption that the stochastic component has the same 

variance for all alternatives and that there is no correlation between alternatives (which 

results from the iid property). Especially the latter assumption is quite restrictive because if 

alternatives are similar (in a sense, which is of importance for the decision) unobserved utility 

components of one alternative might have also a similar impact on other alternatives. An 

example is the similarity of wood pellet and fuel oil heating systems with respect to their need 

for a spacious fuel tank and a fuel acquirement plan. A decider who has little space in his 

house might dislike both – which in turn means that if attitude towards space requirement is 

not among the explanatory variables (and so doesn’t affect the systematic part of the utility), 

the stochastic component won’t be uncorrelated any more. On the other side this example 

shows that, in a well-defined model (which in our example should include the decider’s 

attitude towards the space requirement), the independence assumption is not as restrictive 

as it might at first seem. However, most alternative types of discrete choice models have 

been developed because of this point of critique. 

The main advantage of the logit model is its mathematical convenience – which is 

accompanied by a convenient applicability. Mathematically, the logit model can be derived 

from formula (2.4). If ε is distributed iid extreme value, the choice probability of alternative i 

is: 

 
∑

 (2.5)
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The mathematical derivation of formula (2.5) can e.g. be found in Train (2003). If the 

observed utility is linear in parameters (which is usually the case), choice probabilities are 

 
∑

 (2.6)

The properties of formula (2.6) are as required for a choice probability: The possible values 

are between 0 and 1, moreover the choice probability increases (and approaches 1) with 

increasing utility Vin	of the considered choice alternative (ceteris paribus) and decreases (and 

approaches 0) with decreasing Vin. In addition to the mentioned properties the choice 

probabilities of all alternatives sum up to 1 (so one alternative of the choice set must be 

chosen).  

For a better understanding of the marginal effects of an increase in the observed part of the 

utility consider again Figure 1 on page 18. However, image the x-axis was labelled with Vin 

and the y-axis with P i . If the choice probability is in the range of 50%, a small increase in Vin 

leads to a large increase in choice probability. So in this part of the curve, the possible 

impact of external influence (change of the parameters on which Vin depends) is large. Now 

consider the parts where P i  is very low (near 0) or very high (near 1): In these parts of the 

curve a change of Vin	affects P i  only marginally. This characteristic will play an important 

role in the interpretation of the results in chapter 6.  

Another important property of the logit model (which can be derived from the iid assumption) 

is the “independence of irrelevant alternatives” (IIA) property: The ratio of two choice 

probabilities is independent of the existence of other alternatives. Mathematically, this can be 

seen more or less directly in formula (2.5): If an alternative is added to the choice set, only 

the denominator is changed. If the ratio of two choice probabilities is calculated, however, the 

denominator drops out. That this is problematic if the choice set contains similar alternatives 

is explained by nearly every textbook about discrete choice models using the blue bus/red 

bus example (for more details see e.g. Train (2003)). 

So far, the utility Vin has not been regarded in detail. Generally, the systematic utility of one 

alternative in a choice model can depend on properties of the decider (like the income of the 

decider or his attitude towards environmental friendliness) as well as on properties of the 

alternative itself (e.g. its costs). This distinction is irrelevant for the mathematical derivation of 

the model (and model properties); however it is important for the practical application and 

model estimation, as it influences the necessary data structure. Models with alternative-

specific variables only are referred to as (pure) conditional logit models. In this type of model, 

the number of parameters to be estimated and interpreted can usually be kept low, as every 

alternative-specific variable z requires the estimation of only one (scalar) parameter β (Urban 

1993). As the variable already varies over alternatives, the estimation parameter is constant 

for alternatives. Pure conditional logit models have the advantage that the model developer 
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can add a (e.g. future) choice option to the model, as all parameters of the model do not vary 

depending on the alternatives (Cameron and Trivedi 2005) and can therefore predict market 

shares of future technologies. This method was applied by McFadden (1974) for predicting 

the demand for a new public transport system in the San Francisco Bay Area with great 

success. 

In addition to this, alternative-specific variables in general enable the calculation of weights of 

different properties of the alternatives in the decision process: If environmental friendliness 

(e.g. measured by emissions of CO2) as well as costs are included in a model as alternative-

specific variables, the researcher can use the estimated parameters to calculate a 

willingness to pay for CO2 reductions of the deciders.  

Models with decider-specific variables only can be labelled as (pure) binary or multinomial 

logit models (multinomial if there are more than two alternatives). Here the situation is 

opposite compared to the conditional logit model and the decider-specific variables (as the 

name says) do not vary over alternatives. In order to produce differences in utility between 

alternatives, the estimation parameters must vary over alternatives. Therefore, the number of 

parameters to be estimated calculates to the number of variables times the number of 

alternatives. The behavioural interpretation of the necessity of one estimation parameter per 

alternative is also quite evident: If the decider has a positive attitude towards environmental 

friendliness (a decider-specific variable), this affects the different alternatives in different 

ways; for some alternatives the choice probability will be higher because of the decider’s 

attitude, for others the choice probability will be lower. 

A model can also contain both decider-specific and alternative-specific variables and could 

then be labelled multinomial conditional logit model. This type of model is sometimes 

confusingly (or mistakenly) also referred to as a mixed logit model (Cameron and Trivedi 

2005). As what Train (2003) calls a mixed logit model (and Cameron and Trivedi (2005) call 

a random parameters model, p.512) is something quite different, the first term (multinomial 

conditional logit model) will be used throughout this thesis. 

As the multinomial logit model as well as the multinomial conditional logit model include 

decider-specific variables, it is not possible to add a future alternative (with certain predicted 

properties) to the choice model and calculate the potential market shares: There is no basis 

for the estimation of the decider-specific variable for a new (future) alternative. 

Main points of critique of the logit model all refer in some way to the iid extreme value 

distribution of the stochastic utility component (Train 2003): 

 A logit model cannot handle random taste variations (differences in tastes which 

cannot be included in the observed part of the utility) 

 Logit models exhibit proportional substitution across alternatives (the IIA property 

discussed above) 
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 In repeated choice situations, no correlation of the unobserved factors over time is 

allowed  

Especially the first of the mentioned points acted as motivation for the development of more 

flexible models which will be presented in the following sections. 

2.3.3.2 General extreme value (GEV) model 

GEV models use a generalised extreme value distribution for the stochastic component ε. 

This generalisation allows for (pre-defined) correlation in unobserved components between 

alternatives, if the correlations are not included in the observed part of the utility. If the 

assumed correlation is zero, the GEV model equals the logit model described in the previous 

section.  

The most often used model from this group is the so-called nested logit model. It is 

appropriate whenever the choice set can be classified into groups which show some kind of 

similarities. The basic requirement of nested logit models is that for any two alternatives 

within one group, IIA is true. If two alternatives are in different groups, the ratio of the choice 

probabilities can depend on the existence of other choice alternatives. Therefore, the nested 

logit model exhibits “independence of irrelevant nests (IIN)” (Train 2003). The nested logit 

model is generally very flexible and moreover usually has closed-form integrals for the choice 

probabilities, which simplifies estimation. The proof that nested logit models are consistent 

with utility maximisation (which will not be shown here) can be found e.g. in Train (2003) and 

was first given by Daly and Zachary in 1977.  

Nested logit models can be mathematically decomposed and therefore regarded as a two (or 

more) stage logit model: The probability of choosing one specific option is the product of the 

probability of choosing one specific nest (which takes the form of the logit formula) and the 

probability of choosing one specific option within this nest (which also takes the form of the 

logit formula). So, a two stage nested logit model comprises one logit model for the choice of 

a specific nest (usually referred to as the upper model) and a second logit model for the 

choice of an option within a nest (lower model).  

Whether a nested logit model is superior to a normal logit model can be tested statistically by 

means of a likelihood-ratio or a Hausman test. 

In addition to nested logit models, the category of GEV models also includes models with 

overlapping nests. This describes the situation in which at least one option is in more than 

one of the described nests, which in some special cases might be appropriate. These models 

are usually referred to as cross-nested logit (CNL) models. A special case is a model in 

which every pair of two choice options is considered to be one nest, so that each of the J 

alternatives is member of J‐1 nests. This model type is quite flexible, as it enables the 

researcher to specify the correlation of the unobserved part of every pair of alternatives. 
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A last presented variation of GEV models is the so-called heteroskadistic extreme value 

(HEV) model, which is basically a logit model in which the variances of the unobserved 

component are uncorrelated, but vary over alternatives. The integral for the choice 

probabilities does not take a closed form, so that estimation of the model is only possible by 

simulation.  

So far, although GEV models generally offer a great amount of flexibility, few of the 

presented model types have been used by researchers. The reason for this is that the 

flexibility is a blessing and a curse at the same time: While very special conceptions can be 

represented in a fine-adjusted model, this step requires the existence and understanding of 

objective economic reasons justifying the respective model configuration. 

2.3.3.3 Probit model 

Remember the three restrictions of logit models: the assumption of homogeneous 

preferences for all involved individuals, the IIA property as well as the fact that the 

unobserved utility components are independent over time. While the GEV model presented 

in the previous section can deal with a relaxation of IIA, probit models generally don’t face 

any of the mentioned restrictions. In contrast to the two modelling approaches presented 

above, the probit model assumes a normal distribution of the unobserved factors with the 

same variance for all alternatives. This assumption is usually unproblematic, but can be 

problematic if the researcher expects the distribution to remain on one side of zero (i.e. either 

positive or negative). In all other cases it is quite reasonable to assume a normal distribution 

of the unobserved utility component.   

Generally, a correlation in the unobserved factors can be introduced by specifying the 

covariance matrix. The researcher can either specify the whole covariance matrix or only the 

structure of the matrix (e.g. allow for correlation between two alternatives and not between 

the other alternatives). If a correlation matrix is specified, additional attention has to be paid 

to the normalisation of the model, which is not an easy task for probit models. Moreover, 

after normalisation the estimated correlation parameters are no longer interpretable (Train 

2003). 

Taste variation between deciders can be included in the model by letting the coefficients β 

(from formula (2.6)) depend on the decider n, so that they become βn. With this assumption 

(and generally in consequence of the assumed normal distribution), the integral of the choice 

probability does not take a closed form and therefore it has to be calculated numerically. This 

applies to all cases for which the number of alternatives is higher than 3 (Herberg 2008).  

In addition to the features of probit models described above, they can also handle panel data 

(which neither logit nor GEV models are able to). As in the present case of heating system 
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choice this property doesn’t play a role (there is no panel data set of heating system 

decisions available for model estimation), it will be not described further in detail.  

A practical and very detailed description of estimation procedures for probit models can be 

found in Train (2003).  

The fact that probit models are used far more rarely than logit models is due to the higher 

complexity of probit models, especially if the model includes a large number of choice 

alternatives. This can be regarded as being the main disadvantage of the probit model. 

Moreover, as already described above, using a model with more adjustment possibilities is 

only reasonable if the researcher is dissatisfied with the simpler model and can specify the 

additional information (in our case e.g. the structure of the correlation matrix) using empirical 

data or reasonable estimation. If no empirical data is available and estimation is used, it is 

questionable whether the (more complex) probit model can obtain superior results compared 

to the (simpler) logit model: If the researcher’s estimations are not “correct”, i.e. do not 

describe the decider behaviour adequately, the model is restricted in a way that can severely 

affect the usefulness of the estimation results. 

2.4 Applicability check for the heating market and selection of 

modelling approach 

Generally, discrete choice models must fulfil the following requirements: 

 There are a finite number of decision alternatives. 

 The list of assumed choice alternatives must be exhaustive.  

 All alternatives must be mutually exclusive. 

Checking the applicability of discrete choice models in general and of the different model 

types in particular requires a brief glimpse ahead to section 3.2, in which the choice set is 

defined: The choice alternatives for the households on which this thesis focuses contain fuel 

oil, natural gas and wood pellet boilers as well as electric heat pumps. In addition to these, 

the combinations of the respective technologies with solar thermal panels are also in the 

choice set, so that there is a total of eight alternatives. As this number is finite, the first 

requirement for the application of discrete choice models is given.  

The second requirement is the completeness of choice options, which is not quite easy as to 

confirm: Generally, the set of choice options (as described shortly above) covers a very large 

share of the market for heating systems. In the case of biomass fired boilers, the wood pellet 

boiler can be considered representative for all biomass based technologies (for a detailed 

discussion see section 3.2.3). Micro CHP (using e.g. fuel cells, Stirling engines or Diesel or 

Otto engines) is an option which is not included in the choice set although it is considered a 

promising future option by many experts. The reason for not including it into the model is that 

the market share of micro CHP systems today is quite low (approximately one order of 
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magnitude lower than e.g. wood pellet boilers), and the announced beginning of the mass 

production of micro CHP systems has been delayed several times. Moreover, some technical 

problems like the relatively high noise emissions of engines and the durability of fuel cells are 

still not finally solved. Therefore the importance of this technology in the coming years is 

uncertain and omitting it only means creating a scenario without this technology. The same 

applies to natural gas heat pumps which have entered the commercial market recently and 

still have very low sales figures. The theoretical choice option “no heating system” is not 

included in the choice set either – although there is a significant share of apartments without 

any heating system. However, as we will see below, there is a clear trend away from 

apartments and houses without heating systems (for obvious comfort reasons). And in spite 

of ever-advancing thermal insulation of buildings, it is not foreseeable that internal heat 

sources and solar irradiation will be sufficient to heat a building in the near future.  

Concerning the third requirement “mutual exclusivity”, the situation in the heating market is 

simple in theory (one might think at first glance that the existence of more than one heating 

system does not make any sense), but more complicated in practice: Fireplaces in 

apartments as well as in houses never lost their importance, mainly for reasons of comfort. 

Especially in the past years with high prices for fossil fuels, many of the fireplaces converted 

from “luxury appliances” to fuel (and money) saving appliances: In an apartment equipped 

with a natural gas boiler as well as a fireplace, the use of the fireplace increased and 

consequently, natural gas consumption decreased. This is quite reasonable as long as wood 

prices are considerably lower than natural gas prices. So the heating system is indeed a 

combination of a natural gas boiler and a kind of wood heating. Today even in new buildings, 

heating systems are planned this way. Taking this into account would imply increasing the 

number of decision alternatives further, e.g. including an additional option "Natural gas with 

solar thermal panels and a fireplace". Train (2003) proposes to define a "primary heating 

system" in order to find a viable solution. This proposal is followed in this work. 

After having established that discrete choice models are generally applicable, the second 

question to be raised is which of the available modelling approaches fits the situation best. 

Summing up, the attractiveness of the logit model consists of its relative simplicity, while the 

GEV model and the probit model are more flexible and face fewer restrictions than the logit 

model. The main restrictions of the logit model can be summarised as the lack of handling 

random taste variation, the IIA property discussed above as well as its shortcomings in 

repeated choice situations. The latter is fairly unimportant, as already discussed. 

The lack of handling random taste variation is more subtle, the consequences of “equal taste 

of every decider” can be shown with the example of alternative-specific variables in the utility 

function. If the variable “cost” (e.g. investment cost) enters the utility of a logit model, the 

model estimation includes the estimation of one single parameter representing the influence 
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of the costs. A single parameter means that the costs enter the utility of every alternative with 

the same factor. In the results of a survey, however, we will see that groups deciding for 

different heating systems lay a different importance on investment costs (see Figure 32a in 

section 5.1.2). Households that decided for an expensive heating system (only considering 

investment costs) allocated a slightly lower importance to the investment costs than 

households that decided for a cheap heating system. 

The third and probably most critical point is the IIA property of the logit model: Do new 

technologies entering the space heating market have the same influence on all existing 

technologies, i.e. do they “cut” market shares equally (i.e. proportionally to their market 

shares) to all existing alternatives? And does the lack of one choice option (e.g. in 

consequence of policy measures) lead to an increase in choice probabilities of all remaining 

options proportionally to their market share? At first glance it seems that this is probably not 

the case in the space heating market: Imagine a new environmentally friendly technology 

entering the market. This technology will probably attract more likely decision makers who 

previously already thought about choosing an environmentally friendly technology. Two 

innovative, environmentally friendly technologies are rivals in business for the 

environmentally friendly deciders. The same applies to other properties, according to which 

one could classify heating systems, like the space requirement of the heating system. If 

these properties (or better: what households think about the importance of these properties) 

are included in the model as explanatory variables, then this doesn’t pose a problem 

anymore – IIA only applies to the unobserved part of the utility. 

So, generally it seems that the IIA restriction for a well-specified model of the heating system 

choice is not as problematic as it seemed first. This assumption can also be tested 

statistically by performing a Hausman-test (Hensher, Rose et al. 2005) which is done after 

model estimation in section 5.3.2. Furthermore, specifying a nested logit model (in order to 

allow for correlations) would imply imposing a structure and allocating the alternatives to 

several nests.  

It is also possible for the “taste variation” (the variance in importance of low investment 

costs), described as a critical point above, to be resolved by other means than using a more 

complex model type: It is quite reasonable to assume that the taste variation can be 

explained by the fact that households with a higher income buy more expensive heating 

systems. Thus, it is not really a random taste variation any more, but can be described if the 

household income is included into the model as an explanatory variable (which indeed will be 

the case as we will see later). 

For the most flexible, the probit model, another question arises: Is there empirical information 

for the specification of the covariance matrix? This question has to be negated, as in the 

used data set (as described in section 5.1) the full set of alternatives is assumed for all 
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deciders. The data set doesn’t contain any empirical information about what happens with 

the choice probabilities of the other alternatives, if a special alternative is removed from the 

choice set.  

Summing up, the logit approach seems to fit the requirements of current research best and is 

therefore applied. 

 

Until now, a focus has been placed on the household decision. Another aspect, which has, 

until now, been disregarded, is that in the heating market, the vintage stock of existing 

heating systems plays a very important role. A heating system is usually not bought 

“because of its high utility”, neither does the use of more than one heating system from the 

presented choice set make sense.4 A heating system is a necessary device which provides 

the utility of making an apartment or a house habitable in winter time. So, an investment in a 

new heating system is necessary, if an existing heating system breaks. Because of the high 

investment costs and the fact that a large part of the investment represents sunk cost and 

cannot be retrieved by simply selling the boiler to someone else, an investment in a heating 

system is usually made only if the old heating system is at (or near) the end of its lifetime. 

Because of this, the discrete choice model must be embedded in a vintage structure model. 

  

                                                 
4 Obviously, a second heating system could make sense in order to increase security of supply. 
However, because of the high investment costs, this doesn’t play a role for households. 
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3 Methodology: General Model Description  

In this thesis, a mathematical simulation model is developed for assessing the determinants 

of the future of the German heating market. This model basically consists of two parts: The 

first part is a market model which implements the current market structure (vintage of boilers, 

mortality rates, energy demand of buildings etc.) and exogenous variables (fuel oil price, 

policy instruments, etc.). Moreover, the market model calculates endogenous variables like 

the investment cost of the different heating systems.  

The second part is a decision model that represents the decision making process of 

households, which heating system to use. The decision model is fitted based on survey data.  

As residential buildings are responsible for about 95% of the boiler market (BRGC 2007) and 

commercial buildings have different heating needs than residential buildings, the model is 

restricted to residential buildings. This restriction is also necessary, because the investment 

decision in the case of commercial buildings is subject to different criteria than in the case of 

residential buildings and the data basis only allows for estimating a discrete choice model for 

households. 

The decision on the mode of domestic hot water generation (separately, e.g. by electricity or 

in a combi boiler) is also often made jointly with the decision on the heating system type. As 

the inclusion of this decision would have increased the number of options further and 

therefore would have made the data search even more difficult, it is excluded from the 

model. 

The basis year of the model data is the year 2009, as some data was so far not available for 

2010. The modelling period are the years from 2010 to 2025. 

A rough structure of the model with endogenous and exogenous parameters is shown in 

Figure 2.  

In this chapter, some basic assumptions of the model are described. Thereafter, in chapter 4, 

the market model is put to a starting point by determining the current vintage structure of 

boilers and existing heating systems. Also, in this chapter the assumptions for the further 

development (e.g. mortality curves of boilers) are determined. In chapter 5 finally the 

decision model is described and estimated. 
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Figure 2: Structure of the heating market model 

3.1 Basic unit of the model 

The basic unit of the model is the decider. In this thesis the definition of a decider is that he 

or she is free to decide on the heating technology he or she wants to use. In order to avoid 

confusion, the terminus is usually written italic. 

Assuming that all one-family houses are equipped with one boiler and all two-family houses 

have two boilers (one for every household), the above definition implies that in one- and two-

family houses the number of deciders corresponds to the number of households. In the case 

of multi-family houses, heating energy in Germany is often provided by one single central 

boiler. In this case the heating energy is distributed in the house by an in-house pipe system 

and the heating energy costs are either allocated in proportion to the living space of the 

different apartments or according to the consumption measured by means of some kind of 

heat meter. Therefore, the model makes a distinction between:  

 Multi-family houses with a single central heating system. They are represented by a 

single decider in the model, as the households cannot decide independently from 

each other on the heating technology – they have to come to a joint decision 

(assuming that the structure does not change). 

 Multi-family houses equipped with single-storey gas heating or with individual heating 

systems. In this case the number of deciders is equal to the number of households or 

apartments in the house. 

The assumption is made that 50% of all multi-family houses are equipped with single-storey 

heating systems (so the number of households equals the number of deciders) and the other 

50% use a central heating system, so there is only one decider per building. This approach is 
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also used in Beer, Corradini et al. (2009). Moreover, this structure is assumed to remain 

constant in the existing buildings over the modelling period. This is in accordance with Timm 

(2008), who found out that the share of single-storey heating systems has been constant 

over the past 12 years. Only in new buildings a slight decrease resulting from a low value of 

single-storey heating systems is visible. On this, also see Figure 25.  

So, if only boilers would be used for heating purposes (i.e. if there were neither electric 

heating systems nor district heating), the total number of deciders would equal the number of 

installed boilers. Because of this, the final model results can only show the share of deciders, 

i.e. heating systems, exactly. Calculating the number of households or buildings with certain 

heating technology is possible on reverse-estimations which led to the number of deciders. 

The number of deciders itself is valuable for the boiler market, as the number of deciders 

equals the number of boilers, if all heating systems were boiler based. However, in order to 

calculate the energy consumption for heating purposes, absolute fuel consumption values or 

CO2 emissions, a weighting of the model results would be necessary. This can be done by 

scaling with the number of households from BMWi (2011), which is 40.4 million in 

comparison to the heating energy demand of the deciders, which represent 23.82 million 

households.  

Furthermore, for the calculation of CO2 emissions, the development of CO2 intensity of 

electricity in the future has to be defined. It is very likely that CO2 intensity of electricity will 

decrease in the coming years because of an increasing share of renewables in the electricity 

market. Therefore, a path is assumed, in which CO2 intensity of electricity decreases from 

506 g CO2/kWh in 2009 to 384 g CO2/kWh in 2025. This path was calculated from scenarios 

presented in Nitsch, Pregger et al. (2010) and Schlesinger, Hofer et al.  (2011). 

The above mentioned assumptions imply an inconsistency: Every decider of the model is 

allocated one value of heating energy consumption of one household (see section 4.1.1). 

This is done because no reliable data on which boiler types are installed in which type of 

building are available. In case the decider represents a multi-family house, however, this is 

not correct, as both the installed heating output and the annual heating energy consumption 

for a multi-family house are usually higher than for a one-family house. Both inaccuracies 

have impacts on the boiler economics: Economies of scale, which for certain boiler types 

may be more pronounced, are not represented correctly by the model. The impacts of this 

inaccuracy can only be analysed qualitatively. 
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3.2 Considered technological options 

In the model, there are the following choice options for the deciders: 

 Fuel oil condensing boiler (only for existing buildings) 

 Natural gas condensing boiler (only for existing buildings) 

 Wood pellet boiler 

 Geothermal electric heat pump with panel heating system 

 Fuel oil condensing boiler with solar thermal panels 

 Natural gas condensing boiler with solar thermal panels 

 Wood pellet boiler with solar thermal panels 

 Geothermal electric heat pump with solar thermal panels 

District heating as well as electric resistance heating are not included as choice options, 

although they play a significant role at the moment. District heating is modelled exogenously 

because it is only available in dense agglomerations and is not built based on an individual 

decision. The reason, why electric resistance heating systems are not included as decision 

options, is of regulatory nature (see section 4.1.2 for further details). 

One of the most prominent technical parameter of heating systems is the efficiency. The 

efficiency values used in the model (especially for calculation of the operational costs, see 

section 5.2.3) do not come from test bench measurements but are average values which 

result from field investigations. Because of partial load operation during a large part of the 

year, possible installation faults and bad operation caused by control problems, the seasonal 

average of the efficiency of boilers is usually significantly (about 10%-points) lower than 

efficiency values from a test bench. Moreover, heat distribution losses in the building are also 

considered in the given annual use efficiencies. 

3.2.1 Fuel oil condensing boiler 

Fuel oil boilers basically vaporise or nebulise fuel oil in order to combust it and transfer the 

combustion heat to the heating hot water cycle. A condensing boiler differs from a 

conventional boiler in the degree to which the combustion heat of the fuel is used, i.e. the 

efficiency. Condensing boilers, in contrast to conventional boilers, use the heat of 

condensation of the steam which has been formed during the combustion of the hydrogen 

contained in the fuel. This is done by an additional heat exchanger and results in an 

efficiency increase of up to 6%-points for fuel oil combustion. Condensing boiler technology 

has been introduced to fuel oil boilers only recently (see Figure 21). This is mainly because 

of technical questions: As the combustible fuel oil contains significant amounts of sulphur, 

combustion leads to the formation of sulphur oxides. Those sulphur oxides form sulphuric or 

sulphurous acid when they get in contact with water. For these reasons, ordinary low 

temperature fuel oil boilers have been always operated at temperatures clearly above the 
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dew point of water. The use of condensing boiler technology now requires chimneys made of 

stainless steel or of high temperature-resistant plastics. However, the sales figures of fuel oil 

condensing boilers indicate that the technical problems are overcome and – driven by 

significantly more expensive fuel oil price – are also economically feasible today. 

For the seasonal average of the efficiency, the results of Erb (2004) were taken. The latter 

performed a field study on the boiler efficiency of fuel oil condensing boilers with the result 

that the average annual efficiency is 92.6% (all efficiencies given in this study are based on 

the lower heating value). As it was unclear if distribution losses were included in the 

measurements, this study assumes a value of 92% including distribution losses. 

Installing a fuel oil boiler requires space for an oil tank. That this is not readily available in 

every house is not represented by this part of the model. However, it will play a role in the 

individual decision model described in chapter 5. 

Because of current legislation (see section 4.1.2), using a fuel oil condensing boiler (a purely 

fossil driven heating system) is no longer an option in newly constructed buildings. 

3.2.2 Natural gas condensing boiler 

Natural gas condensing boilers have been introduced to the German market in the 1990s 

and over the last decade have become the “standard” heating system. This has to do with 

the cost, the environmental friendliness and the comfortable properties of the fuel (especially 

the fact that no fuel storage is necessary). The fact that natural gas condensing boilers 

successfully entered the market about 10 years before fuel oil condensing boilers has 

basically two reasons: The technical implementation is easier, as there is hardly any sulphur 

in the natural gas and there are less corrosion problems, also the economics are more 

favourable. The latter is because, in the case of natural gas, the condensing boiler 

technology can increase the efficiency of the boiler by up to 11%-points (compared to 6%-

points for fuel oil boilers), as the fuel contains more hydrogen atoms than fuel oil.  

For the efficiency, again the results of a field study were taken. In Wolff, Teuber et al. (2004) 

the resulting average efficiency of field measurements over three heating periods was 

determined to be 96.4%. This value is in accordance with Heidelck and Laue (1999) which 

carried out a literature review that suggests a reasonable assumption for the efficiency of 

natural gas condensing boilers with domestic hot water production is 96%. As the value 

measured in Wolff, Teuber et al. (2004) does not include distribution losses, it was 

decreased by 2%-points (value taken from GEMIS (2009)). So the resulting annual use 

efficiency is assumed to be 94.4%. 

Boilers using natural gas require a gas grid access (in this thesis the option of liquid propane 

gas storage is neglected). According to BRG (2007a), 18.5% of the German households that 

are not already connected to the gas grid don’t have the opportunity to become connected in 
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the mid- to long-term. This is in most cases because the distance to the next access point is 

too large and building a connection is not economically viable.  

Just like the fuel oil condensing boiler, a natural gas condensing boiler without solar thermal 

system can’t be used any more in newly constructed buildings in Germany. 

3.2.3 Wood pellet boiler 

Wood pellets are small sticks of compacted saw dust. According to the German certification 

programme “DINplus wood pellets for pellet boilers”, the pellets should have a diameter of 5-

6 mm and a length of 8-30 mm. As moisture and ash content and other criteria are also 

regulated, wood pellets are today a standardised fuel. So in the past years boilers with 

burners that are optimised for the standardised wood pellets have been developed which 

allow for a fully automatic operation. This is possible because wood pellets as bulk good can 

be conveyed automatically to the burner, e.g. by means of a screw conveyor.  

Wood pellet boilers offer a comfortable, fully automatic way of using a renewable, 

supposedly price stable fuel. Therefore the technology was considered as a potential future 

market leader and in Germany, the sales figures of wood pellet boilers increased 

considerably from 2005 on. However, the volatility and the absolute value of wood pellet 

prices have increased considerably in the years since then. Moreover, a discussion about 

potential particulate matter emissions has damaged the image of wood pellet boilers as an 

environmental friendly technology. Therefore, the boom of wood pellet boilers so far failed to 

appear and sales figures are more or less constant on a low level (below 5% of the boiler 

market, (DEPI 2011)).  

Beside wood pellet boilers, there are also other possibilities of using biomass for heating 

purposes, the most important being split log boilers and wood chips boilers. The sales figures 

of these are shown together with the numbers of pellet boilers in Figure 3. As wood pellet 

boilers are the most comfortable form and have had the largest market share of all biomass 

technologies, wood pellets in the model are considered representative for biomass boilers in 

general. 

The efficiency of wood pellet boilers has been investigated in a field study of Kunde, Volz et 

al. (2009). The resulting efficiencies showed a variance between 71% and 81% with an 

average of 75%. Subtracting 2%-points for heat distribution, the annual use efficiency value 

is 73%; this value is used in the present study. Although the test bench efficiencies of wood 

pellet boilers are comparable with those of conventional (non-condensing) fuel oil or natural 

gas boilers (usually higher than 90%), this value is significantly below the values of fuel oil 

and gas boilers. The reason is also discussed in Kunde, Volz et al. (2009): On the one hand, 

this is caused by inappropriate installation and oversizing of the boilers. This is fatal for a  
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Figure 3: Sales figures of different biomass technologies in Germany (data from 

www.biomasseatlas.de (2011))5 

wood pellet boiler, as the partial load behaviour is poor in comparison with e.g. natural gas 

boilers.  

On the other hand, the boilers with the lowest efficiencies were not equipped with a buffer 

storage which caused the boiler to switch on and off every 15 minutes. As at least a part 

those problems can be allocated to the early stage of the development of wood pellet boilers, 

a sensitivity analysis has been conducted with an annual efficiency value of 82%. This is an 

arbitrary value 10%-points below test bench values, like in the case of fuel oil and natural gas 

boilers.  

Like a fuel oil boiler, the operation of a wood pellet boiler requires a store room (inside or 

outside the house). The fact that this is not readily available is not represented by the model. 

However, the results in chapter 5.1.2 show that the existence of such a room clearly favours 

the decision for a wood pellet boiler. 

3.2.4 Geothermal electric heat pump  

Electric heat pumps use electricity in order to increase the temperature of heat from an 

ambient heat source. As ambient heat is integrated, they can reach “efficiencies” of up to a 

multiple of 100%, based on the electricity utilised, which makes them much more efficient 

than electric resistance heating systems. They were promoted by policy for the first time in 

the 1980s (after the second oil crisis, see also section 4.2.1). However, after a short 

increase, sales numbers dropped again to insignificant levels. The heat pump was revived in 

the year 2000 and now once again plays an important role, especially in new buildings. Main 
                                                 
5 The sales figures for 2010 are available but are not representative as the investment subsidy 
program was stopped in summer 2010 because of a budget crisis. Therefore the data is not shown 
here. 
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drivers of the sales numbers are the low operational costs, no local emissions and no 

necessity for gas grid access (which implies economical savings, especially in new 

buildings).  

Today a range of different types of heat pumps are offered. They can basically be classified 

by the used heat source: There are ground water-based, geothermal energy-based and 

ambient air-based heat pumps. The used heat source also has implications on the costs of 

and efficiency of the respective heat pump type. Geothermal heat-based and ground water-

based heat pumps require an expensive borehole (or a loop field). However, as the 

temperature of the heat source is above zero even at the coldest days of the year, the 

seasonal performance factor can reach values up to 4 or even above (Russ, Miara et al. 

2010). Where ambient air is used, the investment costs are significantly lower, as only an air-

water heat exchanger is necessary. However, the seasonal performance factor is usually 

below 3.5 or even below 3.  

The seasonal performance factor depends not only on the temperature of the used ambient 

medium but also on the necessary flow temperature. Therefore a basic requirement for the 

installation of a heat pump heating system is the existence of a low temperature heat 

distribution system (usually a panel heating system, see also section 4.1.4). 

In the model the diversity of existing techniques cannot be mapped, therefore the geothermal 

heat pump is considered representative for this technology and the investment cost and 

efficiency of a geothermal heat pump is used. Measurements of the seasonal performance 

factors of geothermal heat pumps can be found in Heidelck and Laue (1999) and in Russ, 

Miara et al. (2010). In the previous study, the average seasonal performance factor of 

systems with geothermal heat pumps and low temperature heat distribution system was 3.7 

(the measurements of the study were made in the years between 1990 and 1998). The latter 

study evaluated heat pump systems installed in existing buildings in Germany between 2006 

and 2009. The result was an average seasonal performance factor of only 3.3 (for heat 

pumps using geothermal heat), the value lying between 2.2 and 4.7 Another indicator for the 

seasonal performance factor is the requirement for government grants for the installation of a 

heat pump system in Germany: In order to get the grant, the factor has to be verifiably above 

3.8 (BAFA 2011). Therefore, the latter value has been used for the model. In a sensitivity 

analysis, the value has been set to 3.3 for existing buildings, in order to account for the 

results of Russ, Miara et al. (2010).  

3.2.5 Solar thermal heating system 

A solar thermal heating system usually consists of a solar thermal collector which converts 

radiation energy from the sunlight into thermal energy and a thermal storage (hot water 

storage). For the absorption of the solar irradiation, different technologies are used (mainly 
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flat plate collectors and evacuated tube collectors). Under colder conditions, evacuated tube 

collectors can reach higher efficiencies than flat plate collectors, as the heat transfer medium 

is better insulated and convection and conduction losses are lower. Because of economic 

reasons, however the main collector type sold in Germany is the flat plate collector, which 

can be seen in Figure 4.  

Solar thermal systems are used as an add-on to boiler systems, as they usually can’t provide 

enough energy all around the year in order to replace the boiler (at least in Germany). In 

systems as they are dimensioned currently, solar thermal systems can only contribute 

significantly to the heating energy in the transitional season (springtime and autumn) and so 

act as a fuel saving technology. The economics of solar thermal systems always shows an 

optimal point for the size of the solar thermal collector area. If the collector is small, capacity 

utilisation is high but fix costs (for installation and piping) predominate. From a certain point 

on however, capacity utilisation shows a decrease again, as the size of the hot water storage 

is usually limited due to space restrictions and the marginal utility of an added square meter 

of collector doesn’t outweigh the additional costs any more. The collector size of realised 

systems in Germany is shown in Figure 6, subdivided into different years. The figure shows a 

trend to larger systems, the average increased from 12.8 m² collector size in 2004 to 18 m² 

collector size in 2008 and 2009, the median from about 11.5 m² to about 16 m². This 

increase has probably been caused by a shift of the optimal collector size due to increasing 

fuel prices and decreasing collector costs. 

 

 

Figure 4: Monthly installation numbers of solar thermal systems in Germany according to 

collector type (based on data from www.solaratlas.de (2011)). 
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Figure 5: Size of solar thermal collector of realised systems for support of domestic hot water 

generation in Germany for different years6 (data from www.solaratlas.de (2011)) 

 

Figure 6: Size of solar thermal collector of realised systems for boiler support in Germany for 

different years6 (data from www.solaratlas.de (2011)) 
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purposes law (EEWärmeG, see section 4.1.2), the use obligation (15% renewable energy) is 
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new building with 125 m² of living space the 5 m² of solar thermal collectors therefore are 

assumed to lead to 15% fuel saving, although this value in reality depends on building 
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6 Again, values for 2010 are not representative (and therefore not shown), because government 
subsidies were cut in the summer of 2010. 
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existing buildings, more collector area is required (due to the generally higher heating energy 

consumption) and the values are taken according to the federal EWärmeG of Baden-

Württemberg (again 5 m² solar thermal collectors, but only 10% fuel saving).  

In principle, this add-on can be combined with every type of boiler (natural gas, fuel oil, wood 

pellets) or even a heat pump system. However, economics favour the combination with 

systems with low investment cost and high operational cost (oil and gas), as the amount 

saved by fuel saving is higher for those systems. 

The condition for the use of solar thermal energy is the existence of an adequate roof (not 

too much shade, orientation in the best case to the south). Moreover space for the hot water 

storage is required. These requirements are not represented in the model. 

The assumptions concerning the annual use efficiencies are summarised together with other 

central assumptions of the model in Table 10 on page 92. 

3.3 Market model 

The market model starts with the initial boiler stock in the end of the year 2009 as it will be 

identified in chapter 4 and simulates the future development of the boiler and heating system 

stock until the year 2025. Every boiler that reaches the end of its technical lifetime has to be 

replaced. The household allocated to this specific boiler (with its specific household 

properties) replaces the boiler. For the decision which new boiler to buy, the discrete choice 

model presented in chapter 5 is applied. Newly constructed buildings also have to decide on 

which heating system to use.  

The resolution of the model is 1:10,000, i.e. 10,000 real-world deciders are represented by 1 

decider in the model. This is due to restrictions in modelling time. In total, there are 2382 

deciders at the beginning of the modelling period in the year 2009. Because of new buildings, 

this number increases to 2590 until 2025. 

3.3.1 Properties of the deciders 

The modelled decision process depends not only on external determinants (like the costs of 

the competing heating systems), but also on several properties of the decider himself. The 

basis of the deciders is the information about the heating system already existing (type of 

fuel used and year of construction of the boiler). This information is worked out in section 4.2. 

Further decider properties with influence on the decision process are: 

 Annual heating energy consumption: The annual heating energy consumption is 

crucial for the cost calculation of every heating system. It is allocated to every decider 

at random, using the empirical distributions (for different fuel types) identified in 

section 4.1.3. 
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 Radiator system: The radiator (heat distribution) system is important, as some heating 

systems depend on low-temperature (panel) radiators. The radiator system is again 

allocated at random to the deciders using the stock of existing radiator systems in 

Germany, as described in section 4.1.4. 

 Access to natural gas (yes/no): Of all deciders not already using natural gas as a fuel, 

18.5% have no opportunity to use natural gas (BRG (2007a)). 

In the case of newly constructed buildings, there is no existing infrastructure (boiler, oil tank, 

radiator system etc.) that can be used. Therefore, the investment costs of several 

technologies are higher than in the case of an existing boiler being replaced. The above 

mentioned properties are set as follows: 

 Annual heating energy consumption: A value for the annual heating energy 

consumption is allocated to new deciders according to the legal limit of energy 

consumption (Energieeinsparverordnung, see section 4.3.3).  

 Radiator system: Concerning the decision on the radiator system, it is assumed that 

the decider makes an integrated decision on the radiator system and the heating 

system type.  

 Natural gas grid access: With respect to natural gas grid access, 80% natural gas 

availability is assumed in new buildings. There has been 100% availability for a long 

time, as natural gas boilers have been the most installed heating system in new 

buildings and therefore all growth areas have been provided with a natural gas grid. 

However, the share of natural gas heating systems in new buildings has decreased 

considerably in recent years (to values slightly above 50%, (Statistisches Bundesamt 

2011a)). Moreover, the heat (and therefore also natural gas) demand in growth areas 

has been decreasing constantly, because the regulatory limits have been tightened 

several times (see section 4.1.2). If a further decrease of natural gas demand in 

growth areas takes place, the construction of a natural gas grid could drop below a 

limit of economical viability. Therefore, in a sensitivity analysis, an extreme scenario 

with natural gas availability of 0% has been calculated. 

Further properties are added to the deciders (both of existing heating systems and in newly 

constructed buildings) randomly according to the identification of the influential parameters in 

the model estimation in section 5.3. These properties are: 

 The decider lives in a small rural village with less than 5000 citizens (yes/no): This 

variable is allocated to the deciders randomly according to the distributions obtained 

from Statistisches Bundesamt (2010c) and shown in Figure 17 in section 4.1.3.  

 Ecological friendliness is decisive in the heating system decision (yes/no): as shown 

in Table 1 (variable EcoFriendly) 
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 Space requirement is decisive in the heating system decision (yes/no): as shown in 

Table 1 (variable Space) 

 Maintenance effort is decisive in the heating system decision (yes/no): as shown in 

Table 1 (variable Maintenance) 

The latter three are allocated to the deciders according to a representative survey (mindline 

energy 2009). A selection of the results of this survey relevant for the current model is shown 

in Table 1. 

Table 1: Results of a representative survey on the importance of several decision criteria in the 

heating system decision (mindline energy 2009). 

 yes no 
EcoFriendly 83% 17% 
Space 43% 57% 
Maintenance 59% 41% 

3.3.2 Fuel price scenario generation 

Of outstanding importance for the future development of the market for heating technologies 

is the development of the relevant fuel prices. One possibility for the estimation of future fuel 

prices is scenario analysis. However, when evaluating historic data it often seems that the 

price for a lead energy carrier like crude oil acts more like a „random walk“ rather than 

following some scenarios. The historic development of end-consumer fuel oil prices in 

Germany is shown in Figure 7. Moreover, in times with high volatility as we have seen in 

recent years, the question of which starting point to take for a certain scenario arises. As 

clearly visible in Figure 7, having started a scenario in July 2008 or in March 2009 would 

have made a difference of more than 50% (concerning the fuel oil price).  

Therefore, two options are realised in the model:  

The first option is a scenario based on the prognosis given in IER (2010). The fuel oil price 

increases by 2.1% per year7. The prices of all other fuels but wood pellets are modelled 

endogenously as described in more detail below. While the natural gas price and the heating 

electricity price are calculated based on a correlation with the fuel oil price (see paragraphs 

below), the wood pellet price is modelled based on a marginal cost curve of wood pellets 

supply.  

The second option is a random walk modelling of the development of fuel oil price. Using 

random walk in a subsequent step requires Monte Carlo analysis in order to evaluate the 

model results.  

                                                 
7 This equals the average crude oil price increase in the “high oil price” scenario of IER (2010), which 
in their model translates to a more or less equal increase in fuel oil prices; in their reference scenario, 
crude oil prices are at around 60$/bbl in 2012 which can’t be considered realistic regarding the current 
crude oil price 
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In order to produce consistent fuel price paths, it is not possible to model all different energy 

carriers independently from each other. A coupling of the prices of the different energy 

carriers has to be assumed, as visible today in the case of natural gas and fuel oil, or a 

fundamental modelling of the price is necessary (based on supply and demand). The price of 

fuel oil, which directly results from the price of today’s lead energy carrier crude oil, has been 

picked as the reference energy carrier for the model. The random walk is produced by 

analysing and reproducing the past: The monthly change rates of the fuel oil price during the 

years 1978 to 2009 (as shown in Figure 7) are calculated and collected and constitute the 

basis for future development. As in this time period the average annual increase equals a 

value of 3.87% (a total increase of 337% in 32 years), the monthly change rates are 

normalised to a drift of 2.1%. This value can be found in IER (2010) as a prognosis for the 

years until 2020. For the calculation of the fuel oil price of every month of the modelling 

period (the years 2010-2025) one of the normalised change rates is picked out randomly. 

 

Figure 7: Development of absolute (not inflation-adjusted) end consumer fuel prices in 

Germany including all taxes. Data sources: BMWi (2011), Deutsches Pelletinstitut (2011b) and 

Statistisches Bundesamt (2011b) 

In the market, a coupling of the price for natural gas to the price of fuel oil can be observed. 

A regression analysis of the monthly average natural gas prices that German gas distributors 

pay and the price of fuel oil is performed in order to confirm this relationship (Figure 8). The 

results show that, using a moving average of the fuel oil price as regressor (independent 

variable), the wholesale price for natural gas can be nearly perfectly explained in the period 

of 1991 to 2011, except for a few extreme spikes (R²>99%).  
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For the model, however, the wholesale natural gas price is not sufficient, but the end 

consumer prices are required. Performing a regression analysis with these values doesn’t 

reach such good results as using wholesale prices. This is due to the fact that the average 

end consumer price contains elements like the cost of distribution grids, profit margin, taxes 

etc,, that obviously do not depend on the fuel oil price. The results are shown graphically in 

Figure 9, the basic regression statistics in Table 2. 

 

Figure 8: Graphical result of the regression analysis of the wholesale price for natural gas and 

fuel oil prices 

 

Figure 9: Graphical result of the regression analysis of the end consumer natural gas and fuel 

oil prices 
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Although the explanatory value of the analysis is lower than above, all important statistical 

tests result in a significant (at a 1% level) influence of the fuel oil price on the end consumer 

gas price. Because of the analysis of the wholesale prices presented above, this correlation 

is also fundamentally beyond all question. Therefore, the coefficients presented in Table 2 

are used for modelling the end consumer natural gas price. 

Table 2: Statistics of a regression analysis of the correlation of end consumer prices for 

natural gas and fuel oil  

Dependent Variable: GAS_BMWI 
Method: Least Squares 
Included observations: 63

Variable Coefficient Std. Error t‐Statistic Prob.   

FUELOIL(‐6)  0.370681 0.03256  11.38459  0.0000 
C  4.37122 0.203129 21.51945 0.0000 

R‐squared  0.679973 Mean dependent var 6.651221 
Adjusted R‐squared  0.674727 S.D. dependent var 0.472537 
S.E. of regression  0.269501

 

In the case of wood pellets the modelling is not so straight forward: As visible in Figure 7, 

there is no such correlation. Trying to perform a regression analysis (including a seasonal 

term) shows the results presented in Figure 10 and Table 3. Graphically, the fit shows a poor 

match to the actual wood pellet price. Moreover, the remaining residual shows a shape quite 

similar to the actual price development, which shows that the explanatory value of the 

regression is low. The same can be derived from the regression statistics in Table 3: With an 

R² of only about 21%, the regression model has only very low, if any, explanatory power. 

 

Figure 10: Graphical result of the regression analysis of wood pellet and fuel oil prices 
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Table 3: Statistics of a regression analysis of the correlation between wood pellet and fuel oil 

prices 

Dependent Variable: PELLETS 
Method: Least Squares 
Included observations: 111

Variable  Coefficient Std. Error  t‐Statistic  Prob.   

C  3.246387 0.149875 21.66058 0.0000 
FUELOIL 0.109095 0.027027 4.036465 0.0001 
SEASONX(1)  0.220499 0.057912 3.807453 0.0002 

R‐squared  0.213912 Mean dependent var 3.832276 
Adjusted R‐squared  0.199355 S.D. dependent var 0.473034 
S.E. of regression  0.423265

 

Therefore, the wood pellet price is not modelled econometrically but fundamentally. Basis for 

this is a cost-resource curve of wood pellets presented in Henkel, Michael et al. (2009). The 

curve has been worked out based on Michael (2008) and Hähnel (2008) and is shown in 

Figure 11. The figure shows that today wood pellets are mainly produced from sawmill by-

products, which is the cheapest resource to use. In the long term, the potential for wood 

pellet production from German biomass is high, although associated with higher prices. In 

the figure, the amount of sawmill by-products underlies a relatively high uncertainty, as those 

are used also by other industries (mainly the furniture industry) as well. The market for 

sawmill by-products has been analysed in detail by Henkel, Michael et al. (2009). They come 

to the conclusion that an increase in demand from other industries would lead to a 

decreasing available amount for the wood pellet industry, because other industries have a 

higher willingness to pay than the wood pellet industry (which is due to the longer value-

added chain and the higher price of the final product). Obviously, the variability of the wood 

pellet price as shown in Figure 7 cannot be reproduced by a fundamental modelling. 

However, the fact that the German wood pellet production was at about 1.8 Million t in 2010 

(Deutsches Pelletinstitut 2011a) and the average price in 2010 was around 220 Euros/t 

indicates that either the assumed amount of sawmill by-products available for the pellet 

industry is too high or there is a price mark up which is not included in the analysed data. 

Therefore, the value is set to 1.5 Million t and a non-household pellet demand of 1 Million t 

per year is assumed, so that today’s price is reproduced correctly. 

In order to keep modelling complexity low, the shown curve is approximated by 5 linear 

ranges, as shown below in Table 5. 

In the long term, a coupling of wood pellet and fuel oil prices is also possible which is not 

analysed in this model.  
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Figure 11: Cost-resource curve of wood pellet production in Germany (based on Henkel, 

Michael et al. (2009)) 
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offers, it seems realistic: On www.heizungsfinder.de (2010) the prices of four national heating 

electricity suppliers can be found, which all range between 14.3 Cent/kWh and 18.7 

Cent/kWh. The lower prices in the range don’t include the increased EEG apportionment of 

2011 (from 2010 to 2011 there was an increase by 1.5 Eurocent/kWh). Including this, the 

prices are between 15.7 and 19.5 Cent/kWh. 

 

 

Figure 12: Composition of end consumer electricity prices in Germany 2010. Based on Nabe 

and Ters (2008) and Bundesnetzagentur (2010) 

 

Figure 13: Graphical result of the regression analysis between the wholesale electricity price 

(monthly average prices of the year-ahead base future) and the fuel oil price 
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Based on Figure 12, the heating electricity price therefore is modelled in a way that 50% of 

the price (equal to 8.7 Cent/kWh) are considered fixed. The cost of electricity generation is 

again assumed to be coupled to the price for fuel oil.  

The results of a regression of the wholesale electricity price (monthly average prices of the 

year-ahead future) on the fuel oil price are shown in Figure 13, the regression statistics in 

Table 4. Using a moving average on the last 5 monthly fuel oil prices as a regressor, the 

correspondence of the curves is quite good (R²=85%). Concerning the regression 

coefficients, it has to be born in mind that the electricity future price is noted in Euro/MWh, so 

the price is price is 10 times higher than the fuel oil price noted in Eurocent/kWh. 

The last part is the cost of sales: Comparing the wholesale price in 2010 (about 50 

Euro/MWh) with the share of electricity generation and sales in Figure 12, there is a 

difference of 3 Cent/kWh. This is added as sales cost. 

Table 4: Statistics of a regression analysis of the correlation between the wholesale electricity 

price (monthly average prices of the year-ahead base future) and the fuel oil price 

Dependent Variable: ELEC_FUT 
Method: Least Squares 
Included observations: 105 after adjustments

Variable  Coefficient Std. Error  t‐Statistic  Prob.   

C  ‐2.891936 2.072286 ‐1.395529 0.1659 
@MOVAV(HEIZOL,5)  9.228916 0.373927 24.68108 0.0000 

R‐squared  0.855369 Mean dependent var 46.64231 

Adjusted R‐squared  0.853965 S.D. dependent var  13.84068 
S.E. of regression  5.289158

 

The selected simulation method of the fuel prices produces consistent scenarios for the 

development of the four relevant fuel prices (fuel oil, natural gas, wood pellets and 

electricity). However, one single scenario remains a random-walk scenario. By using Monte 

Carlo analysis and creating many scenarios, however, a trend can be seen and probabilities 

of occurrence can be calculated. 

A summary of the formulae used for generating the fuel price scenarios can be found in 

Table 5. Moreover, an exemplary random-walk scenario is shown in Figure 14. 

It should be remarked, that the presented regression equations do not have the quality in 

order to be used for a fuel price forecast. It is an illusion that the end consumer prices for 

electricity and natural gas could be 100% explained by the development of the end consumer 

fuel oil price. As discussed above, there are elements (like taxation, distribution costs, profit 

margin etc.) which certainly do not depend on the fuel oil price development and therefore 

can’t be explained by it.  

However, the performed regression analyses present a sufficient structure in order to 

produce consistent fuel price scenarios.  
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Table 5: Summary of the formulae for the fuel price scenario generation; all prices in 

Eurocent/kWh; xWP in 1000t 

 Modelling method/equation 
Fuel oil price pFO Random walk, based on historic inflation-adjusted monthly change rates 

of the years 1978 to 2011 
Natural gas 
price pNG 4.37122 0.370681 ∗ 6
Heating elec-
tricity price pEl 11.4108064 0.922892 ∗ , 5
Wood pellet 
price pWP 

3.31 500
3.31 500 ∗ 8.83 04 500 1424

4.12 1424 ∗ 3.61 05	 	1424 22500
4.88 22500 ∗ 7.02 04 22500 24412

6.227 24412

 

 

 

Figure 14: Exemplary random walk scenario of fuel prices 
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Moreover, the influence of a low positive learning rate would be negligible as the numbers of 

installed systems is very high. 

On the learning rates of fuel oil condensing boilers no studies were found in literature. 

However, if we regard the system components of a fuel oil condensing boiler it can be seen 

that the majority are identical with the components of a fuel oil non-condensing boiler (which 

has been introduced about 50 years ago and therefore can be regarded as a fully mature 

system). Components which are not identical can usually be found also in a gas condensing 

boiler. Therefore, the same assumption as for gas condensing boilers (no technological 

learning) has been made for the fuel oil condensing boiler.  

Martinus, Blesl et al. (2005) evaluated the German market for industrial electric heat pumps 

in the years from 1979 to 2003 and came to a learning rate of 30%. Their result for the Swiss 

market was a slightly lower value of 26%. Weiss, Junginger et al. (2008) continued their work 

some years later, an important result of the Western European market evaluation is shown in 

Figure 15. Although the overall learning rate calculated on the data from 1980 to 2004 is still 

high (23%), it is clearly visible that the learning rate has decreased considerably in recent 

years. Taking their values and calculating a learning rate for the years of 1993 to 2004 

results in a value of 20%, which is taken for the model. As a 20% learning rate still seems 

high, if the time period until 2025 is considered, this value is adjusted to 7% in a sensitivity 

analysis.  

Unlike electric heat pumps, in the case of wood pellet boilers there has not been a spike of 

sales number 30 years ago. Therefore, historic cost data is not readily available and thus 

there is no possibility of analysing technological learning empirically. Junginger, de Visser et 

al. (2006) analysed bioenergy-based electricity generation (fixed biomass CHP plants as well 

as biogas plants), finding learning rates between 8% (for CHP plants) and 15% (for biogas 

plants). In their model, Kalt and Kranzl (2011) use an investment cost reduction value of 10% 

for small bioenergy-based heating systems. Only Bemmann (2004) gives a value for the 

learning rate of wood pellet boilers combined with a solar thermal system, however, based 

on producer interviews, not on an empirical analysis. In his paper, he gives a learning rate of 

18% in the R&D phase which decreases to 7% in the commercialisation phase (where wood 

pellet boilers are clearly today). Although this value is based on expert estimations, more 

accurate data is not available and therefore the value is used for the model. Again, because 

of the importance of the assumed learning rates, this value is subject to sensitivity analysis. 

As the learning rate of 7% assumed in the reference case is relatively low compared with 

other innovative technologies, the value used by Kalt and Kranzl (2011) is used in the 

sensitivity scenario. 

Because of its exponential nature and the implied self-energising effects, learning rates used 

in modelling can develop a life of its own. Therefore, in order to avoid prices decreasing to 



 56/154

unrealistic values of only a few Euros, floor costs are applied to the learning process. In the 

case of the heat pump system and the wood pellet boiler, these floor costs are set to the cost 

of a fuel oil boiler, i.e. the assumption is made that a heat pump system or a wood pellet 

boiler can’t become cheaper than a fuel oil boiler (from the investment point of view). As the 

operational costs of heat pumps and wood pellet boilers are considerably below the 

operational costs of a fuel oil boiler, the limit can be considered as comparably loose.  

In contrast to solar PV, which always attracted high attention of researchers, solar thermal 

collectors so far have not been studied with a focus on learning rates (Gillingham 2009). 

Therefore, again, the only source is estimations of other researchers. Allen, Hammond et al. 

(2010), for example, use a value of 10% in their paper, which seems a reasonable 

assumption. This value is used in the present model as well. 

An overview of the learning rate assumptions is given in Table 6. All learning rates are 

applied to the several components of the respective heating system (see section 5.2.2 for 

further details). 

Table 6: Assumed learning rates of different technologies. 

Technology Learning rate Source 
reference Sensitivity analysis 

Fuel oil condensing 
boiler 

0% 0% Weiss, Junginger et al. (2008) 

Natural gas 
condensing boiler 

0% 0% -  

Wood pellet boiler 7% 10% Bemmann (2004), Kalt and 
Kranzl (2011) 

Electric heat pump 20% 7% Adjusted based on Weiss, 
Junginger et al. (2008) and 
Martinus, Blesl et al. (2005) 

Solar thermal system 10% 10% Allen, Hammond et al. (2010) 
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Figure 15: Learning rate calculation of heat pumps (Weiss, Junginger et al. 2008) 
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4 Heating Consumption and Boiler Stock of Residential Buildings 

in Germany 

Generally, the total consumption of energy for heating purposes in an economy is a function 

of the following parameters: 

 Population 

 Living space per capita  

 Temperature profile and insulation of buildings (resulting in heating energy 

consumption per m²) 

 Efficiency of boiler technology 

The development of parameters like population, average living space per capita, legislation 

concerning the energy consumption of buildings as well as the insulation of buildings itself 

are exogenous to the model described in chapter 3 and this chapter. In consequence the 

development of the heating energy consumption of residential buildings is also exogenously 

to the model. In the case of the insulation of residential buildings, this is an important 

constraint of the model, as high fuel prices will favour the investment in energy efficient 

buildings. Vice versa, low fuel prices will with a high probability affect those investments in a 

negative manner. However, this thesis has its focus on heating systems rather than energy 

efficiency measures. Yet the impacts of this limitation are discussed in section 6.5. 

4.1 Building stock  

4.1.1 Modelling the energy demand in the building stock 

The demand for heating energy of existing buildings is usually analysed by classifying the 

existing buildings with respect to their thermal insulation. As different periods in time had 

their typical way of building, this classification can also be made using the year of 

construction of the building without losing significant exactness. This is especially true for 

buildings constructed in Germany after the year 1979, as from this year on the energy 

consumption of newly constructed buildings was restricted. The most used classification in 

Germany has been worked out by the Institut für Wohnen und Umwelt IWO. A profound 

analysis of the work done by the IWO and the future potential for energy efficiency measures 

in the building stock can be found in Cichon (2009). Based on the building stock the heating 

energy demand is determined by engineering calculations. 

Because of the importance of legislation concerning the energy efficiency of buildings, first a 

short synopsis of the existing legislation is given. After this, a description of the approach 

used in this study, which differs from the engineering approach described above, is given. 
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4.1.2 Existing legislation concerning the energy consumption of buildings 

Buildings as large energy consumers in Germany have been a political issue since the oil 

crisis in 1973. The main policy approach was to limit the heating energy consumption of 

buildings by regulating the building insulation. The energy savings law (Energieeinspargesetz 

EnEG) passed the parliaments in 1976 and the first heat insulation ordinance (1. 

Wärmeschutzverordnung WSchVO) based on the law came into force in 1977. The 

ordinance was amended in 1982 and 1995 and from 1982 on complemented by the heating 

system ordinance (Heizanlagenverordnung) which regulated the maximum losses and 

minimum efficiency of boilers. In 2002, heating system ordinance and heat insulation 

ordinance were replaced by a single ordinance, the energy savings ordinance 

(Energieeinsparverordnung EnEV), which controlled both minimum heat insulation and 

minimum boiler efficiency. By combining the regulations of buildings and heating systems, 

the energy savings ordinance also used the potential for a more efficient rule by introducing a 

regulation which is based on the primary energy consumption of the building. The ordinance 

was amended in 2004, 2007 and 2009 and is planned to be further tightened.  

All the aforementioned policy instruments were aimed at the energy consumption of the 

building. In addition to that, it proved necessary to introduce a policy instrument aiming at 

increasing the use of renewable energy for heating purposes in order to further lower CO2 

emissions. So, in 2009 the renewable energy heat law (Erneuerbare-Energien-Wärmegesetz 

EEWärmeG) came into force, which established the mandatory use of a share of renewable 

energy for newly constructed buildings with more than 50m² space. The mandatory share is 

dependent on the type of renewable energy used, e.g. for solar thermal energy use, it is set 

to 15%, for biogas to 30% and for the use of liquid or fix biomass to 50%. Alternatively, it is 

possible to fulfil the obligation by reducing the energy demand of the building more than 

prescribed, e.g. reducing the energy demand to a value at least 15% lower than the value 

specified in the energy savings ordinance. Buildings that obtain their heating energy from a 

district heating system are excluded from the obligation. Moreover, the law was accompanied 

by a regulation that granted investment subsidies to the buyers of renewable energy boilers 

(Marktanreizprogramm). Included in the subsidy programme were solar thermal panels, 

biomass boilers and heat pumps. Although the programme was legally anchored in the 

renewable energy heat law, it was discontinued by 2010 already, because of budgetary 

difficulties. From 2011 on, subsidies are paid only for the segment which is not regulated by 

the renewable energy heat law (i.e. existing buildings). 

One year before the renewable energy heat law a similar law had come into force on a 

federal level (federal state of Baden-Württemberg). This law did not only affect newly 

constructed buildings but also existing buildings: If the boiler (or a central element) of a 

heating system is replaced, the new solution has to consist at least partly from a renewable 



 60/154

source. The mandatory shares for existing buildings are lower than the requirements for 

newly constructed buildings: 10% in case of using solar thermal energy, liquid biomass or 

biogas and 50% in case of using fix biomass.  

In order to protect cogeneration plants from decreasing electricity prices shortly after the 

liberalisation of the German electricity market, in 2002 the cogeneration law came into force. 

The most recent amendment was in 2008. The law basically has the intention to give 

financial aid to the operators of cogeneration plants in order to increase the share of 

cogeneration electricity to 25% (relating to the electricity market). The costs of the financial 

aid are allocated to all electricity consumers. This law obviously also has implications on the 

heating market. 

The European Union recently adopted the Energy Performance of Buildings directive, which 

came into force in July 2010 (European Commission 2010). The directive gives all EU 

member states 2-3 years to convert it into national legislation and aims most notably at 

energy standards for existing buildings (in most countries there is already energy related 

legislation for new buildings).  

All the mentioned legislations have played a part in making the structure of buildings and 

heating systems in Germany as they are today. And so will future legislations have. Future 

legislation as foreseeable today and assumed in the model is described in section 4.3.3.  

4.1.3 Approach used in this study 

Using the age of a building in order to estimate its energy demand as described in section 

4.1.1 has one main disadvantage: According to this approach, the heating energy 

consumption only depends on building insulation; the approach does not account for user 

behaviour. The latter, however, has been identified as a significant factor (Haas, Auer et al. 

1998). Moreover, without taking into account user behaviour, it is impossible to reproduce the 

real (measured) heating energy consumption. In order to include user behaviour in the 

model, this thesis takes a different angle and uses data of past heating energy expenditure of 

households in the year 2008 (Statistisches Bundesamt 2010c). This data is available 

representatively for Germany. Using the average price for the respective energy carrier (from 

BMWi (2011)) and the average efficiencies of the different heating systems the distribution 

shown in Figure 16 is obtained. In the case of heating systems using electricity, Statistisches 

Bundesamt (2010c) contained only one value for total electricity expenses of the respective 

household. This value was split up by taking the mean electricity consumption of all 

households without electric heating system times the average household electricity price and 

subtracting the result from the total electricity expenses of the household. The remainder was 

assumed to be expenses for the electric heating system. As the price for heating electricity 

until recently used to be significantly lower than the price for normal household electricity 
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(see also the discussion in section 3.3.2) and no value for the price of heating electricity was 

available in BMWi (2011), it has been arbitrarily set to 13 Cent/kWh. The values shown in 

Figure 16 are already corrected with respect to the heating degree days in 2008.The shown 

distributions vary significantly for the different energy carriers. The heating systems identified 

as “other” and electric resistance heating systems have the lowest average specific 

consumption. For district heating, the average consumption is also quite low. The variations 

can partially be explained by the different use patterns of the heating systems. A large part of 

the other and electric resistance heating systems implies the use of individual stoves (see 

also section 4.1.4). Using individual stoves usually involves that not all rooms in the 

apartment are heated every time. Rather, especially in the case of coal or biomass individual 

stoves, only the rooms are heated which are really used at the respective time, as lighting a 

fire in a coal or biomass stove implies more effort than just pushing a button. Central heating 

systems, like fuel oil or natural gas fired boilers on the other hand, are fully automatic and 

normally there is an electronic control. When the control activates the heating system, all 

rooms with open valves are heated automatically. As the heating habits change when the 

heating technology changes, the deciders with electric resistance heating systems or 

individual stoves are allocated new heating energy consumption values (from the overall 

distribution) when they change their heating system. 

When looking closely to the distributions for district heating, fuel oil and natural gas, two 

points are remarkable:  

Firstly, district heating systems have a second peak at a value lower than the peak of natural 

gas and fuel oil systems. This can be explained by the fact that more district heating systems 

are installed in urban areas with multi-family houses (compare Figure 17). The specific 

 

 

Figure 16: Distribution of the specific heating energy consumption for different energy carriers 
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Figure 17: Share of heating systems according to size of municipality (number of residents) 

heating energy consumption is lower in multi-family houses because the ratio of building 

surface and living space in the buildings is lower than in one- or two-family houses.  

Secondly, the distributions of natural gas and fuel oil differ significantly. The fuel oil peak is 

lower than the peak of the natural gas distribution, and the fuel oil distribution has an 

outstanding long tail (not entirely visible in the shown diagram). Analysing this long tail, there 

are fundamental reasons why there are many buildings with fuel oil heating systems and high 

specific heating energy consumption. First and foremost, this is the fact that fuel oil heating 

systems are often installed in rural areas (as shown in Figure 17), in which the share of multi-

family houses is low. 

However, the tail also contains a share of values that seem unrealistic. As mentioned above, 

the calculation of the values is based on expenditures for fuels per quarter. These 

expenditures are relatively easy to specify if a household has a contract with a natural gas 

supplier and pays monthly advance payments (although even in this case, the real 

expenditures can vary from the advance payments). However, in the case of storable energy 

carriers (fuel oil, coal and biomass), usually only the cost of filling the fuel oil tank or the cost 

of one delivery of wood are known. Many households, however, have no precise experience 

values on how long the fuel will last and therefore can’t calculate the cost per quarter reliably. 

The thesis that the high values are unrealistic is also confirmed by the fact that nearly 20% of 

all respondents declared no expenditures for fuels at all, 60% of which stated they used fuel 

oil as the main fuel of their heating system. The long tail described above has also been 
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Figure 18: Specific heating energy consumption for apartments/houses with natural gas and 

fuel oil heating system 

is used for the present sample as well. The methodology basically implies omitting values 

outside a predefined interval in an iterative process until the sample reaches the desired 

homogeneity and there are no more values outside the interval.  

After the correction, the overall mean specific energy consumption is 157 kWh/m²a. 

Statistisches Bundesamt (2008b) gave a mean value of 162 kWh/m²a for the year 2006 

(without supplying the distributions).  

In Figure 18 the corrected distribution for fuel oil is shown together with the distribution for 

natural gas heated apartments. In the diagram on the right, showing the cumulated 

frequency, the impacts of the correction method are clearly visible. 

The specific heating energy consumption for apartments heated with natural gas, fuel oil, 

electricity (resistance heating), district heating and other fuels is now allocated to the 

deciders of the model (see section 3.1). For the technologies not included in Statistisches 

Bundesamt (2010c) (like wood pellets and electric heat pumps), the overall distribution is 

used. 

4.1.4 Radiator systems in existing buildings 

In addition to the heating energy consumption, a second question arises with a closer look to 

the heat transfer in the apartment. Generally, there are three possibilities: 

 Hot water based heating system with radiators 

 Individual heating systems (one heater per room) 

 Hot water based heating system with panel radiators (mostly floor heating) 

Radiators have been and are the major form of heating systems used in Germany. They 

usually comprise of a system of tubes and a pump, by which the hot water coming from the 

boiler is transported to the radiators. The radiators are metal tanks with a very large surface 
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area and are heated by the hot water which is flowing through. In Germany, normally every 

radiator is equipped with a thermostatic valve which enables the users to adjust the 

temperature of every room independently. In modern heating systems moreover there is a 

regulation (based on time of day and the temperature in a single room) of the boiler, so the 

boiler is only switched on at certain times of the day or when the temperature in the 

reference room decreases below a lower limit.  

Individual heating systems include coal- or natural gas-fired stoves which are assumed to be 

replaced soon by water based heating systems because of reasons of comfort. However, 

electric resistance heating systems (especially night storage heating) are also in this 

category. Night storage heating systems were installed mainly in the 1970s and 1980s as a 

consequence of the massive extension of nuclear power capacities in Germany, in order to 

create off-peak (night) electricity demand. The mentioned heating systems increased the 

electric load at night so that nuclear power plants did not have to reduce their power output. 

This simplified not only the operation of the power plants which could continue to be 100% 

base load power plants but also improved profitability of the plants. According to 

Statistisches Bundesamt (2010c), 6% of all apartments in Germany are heated with 

individual stoves. The fuel type of the individual stoves is shown Figure 19.  

Because of their comfort and efficiency advantages, the importance of panel heating systems 

is likely to increase in the future. The German federal panel heating association 

(Bundesverband Flächenheizungen und Flächenkühlungen e.V.) collects data about the 

sales of panel heating systems (and components of panel heating systems). Explicit sales 

figures are collected from the year 2002 on (BVF 2011). Figure 20 shows the sales of panel 

 

Figure 19: Type of fuel used for the operation of individual stoves. Based on Statistisches 

Bundesamt (2010c). 
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Figure 20: Development of the sales of panel heating systems and newly constructed buildings 

(based on BVF (2011)) 

heating systems, assuming that the association represented 80% of the market constantly 

over the whole period. The latter information was given on the web page for 2010. In Figure 

20, the completion of living space in new buildings is included as well. The share of panel 

heating systems (green line) is a hypothetical calculated value, assuming that all panel 

heating systems are installed in new buildings (and none of them in existing buildings), so 

the number represents an upper limit. However, as the use of panel heating systems in 

renovation is rather limited today, the real number will probably not deviate much. 

Moreover, according to the association, panel heating systems have been installed in 2 

Million households in the years between 1989 and 2003 (BVF 2011). As development of 

modern panel heating systems did not commence until the 1980s, the assumption is made 

that before 1989, no panel heating systems had been installed. In total, today about 2.7 

Million of the 39.4 Million apartments in Germany are equipped with panel heating system, 

which is equal to 6.8%. This number is used for the initial status of the model. 

For the future development of the presented structure, the model assumes that the choice of 

heat transfer system to choose is coupled with the choice of the heating system. Moreover, 

two simplifying assumptions are made: 

 When it comes to an installation of a new heating system in existing buildings all 

individual heating systems are replaced by a hot water / radiator based heat transfer 

system. 

 Only if a heat pump is installed in an existing building, a panel heating system is 

installed. 
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4.2 Boiler Stock 

In an ideal case, the information about the existing boilers should include type of fuel, 

efficiency, year of installation and should be linked to building data (heating energy 

consumption of the respective building in which the boiler is installed). Unfortunately this data 

– especially the link to the building data – isn’t available, as the data about buildings and 

about boilers are collected by different entities.  

4.2.1 Boiler sales numbers 

In order to get a heating market model to a starting point, the boiler stock, i.e. the heating 

boilers present in the existing buildings has to be determined.  

The sales data of boilers from 1986 on are shown in Figure 21. It is visible that the market 

was dominated by conventional fuel oil and natural gas boilers until the end of the 1980s and 

that then natural gas condensing boilers only slowly came into the market. Over the 1990s, 

the share of natural gas fired boilers increased steadily, as did the share of natural gas 

condensing boilers. Today, natural gas condensing boilers are the most sold type of boiler. 

Since the year 2000, several new technologies entered the market, including fuel oil 

condensing boilers, electric heat pumps and heating systems with a solar thermal 

installation. Since 2005, wood pellet boilers have been introduced and have gained a non-

negligible market share. 

In addition to the technological development, the boiler sales trend contains a part of German 

history, namely the reunification. In the year 1990 and the following years, the boiler market 

was driven by the need of the eastern part of Germany to catch up in the area of building 

modernisation. Before the reunification, a large part of the buildings in eastern Germany was 

not equipped with central heating systems but with (either coal or natural gas fired) individual 

stoves. This sudden additional demand for heating boilers led to a sharp increase in sales 

numbers and the number of annually sold boilers decreased only very slowly to the level 

from before the boom. 

4.2.2 Mortality rates of boilers 

For the estimation of the future development of the heating market it is important to have 

information about the technical life time of the existing boilers. Using data on the stock of the 

different boiler types at different points of time, mortality rates of boilers can be calculated.  

As heating systems have for decades implied burning a fuel, the emissions of heating boilers 

have been subject to regulation. Until recently, every boiler had to be controlled for efficiency 

and CO emissions once a year by the local chimney sweep. Only with the introduction of 

modern low-emission condensing boilers, has this changed. Condensing boilers (as well as 

boilers below a thermal output of 11 kW, which is sufficient for modern, well-insulated
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Figure 21: Heating boiler sales volume classified by technology (based on BRG (2007a), Lücke (2009), Bemmann (2004), DEPI (2011), Leven, Neubarth 

et al. (2001), www.solaratlas.de (2011), BSW (2011)) 

* Number of total sold boilers based on expert estimation (Kiryk 2010)
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buildings) had to be inspected only once after installation in a building. With the amendment 

of the German ordinance on imission protection (1. Bundesimmissionsschutzverordnung) in 

2010, boilers with a thermal output between 4 and 11 kW also have to be inspected once a 

year (with a few exceptions). 

The German association of chimney sweeps (Bundesverband des Schornsteinfeger-

handwerks, ZIV (2010)) therefore has a database including boiler type, number of installed 

boilers and the installation year (grouped in 4 age classes). For the determination of the 

mortality rates of the boilers, data from 10 points in time (the years 2000 to 2009) was 

available (Seelbach 2010). The available data was not compatible with the sales numbers 

presented in Figure 21, as the latter include condensing boilers and boilers with an output 

lower than 11 kW. The data also had to be cleared of a few inconsistencies indicating 

negative mortality rates of an age group in one year (i.e. the number of boilers installed in a 

certain period increased from one year to the next).  

As the number of boilers originally installed in a certain period of time is not available, the 

frequently used concept of absolute mortality rates (percentage of boilers taken out of 

service in relation to the total number of boilers installed in a specific year) is not directly 

applicable. However, relative mortality rates, i.e. the percentage of boilers taken out of 

service in relation to the number of boilers with a specific installation year that are still in 

operation, can be calculated. The data including a fit are visualised for fuel oil and for natural 

gas boilers in Figure 22. For the fit, a polynomial of degree 5 has been used. The formula of 

the fit polynomial is the following: 

 

The coefficients are given in Table 7. The constant term in the polynomial has been set to 0. 

Moreover, the polynomial fit has been corrected and set to 0 if the calculated values were 

negative (which is logically impossible). This is visible in Figure 22 (left diagram). As the 

decreasing mortality rate after the peak at an age of 30 years seems implausible, values 

have been set to the value of the maximum. However, if the decreasing of the mortality rate 

after 30 years is an artefact of the polynomial fit or has a technical explanation and is real (as 

the points in the diagram make believe) is not really relevant, as only a relatively low share of 

the boilers originally installed are still in use after 30 years. 
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Table 7: Fit coefficients 

 Fuel oil boilers Natural gas boilers 

	 -4.55E-08 -9.98E-08 

 2.83E-06 6.98E-06 

 -5.41E-05 -0.0001678 

 4.66E-04 0.001866 

 -3.83E-04 -0.006261 

 

The graphs shown in Figure 22 can be read in the following form: “Of all boilers that are still 

in operation and are x years old, y percent will probably be taken out of service in the coming 

year”. As shown in the figures, the decommissioning of boilers is low in the first years of their 

life and increases to nearly 20% and 15% for natural gas and fuel oil fired boilers, 

respectively. The polynomial without correction is plotted with a dashed line; the corrected fit 

(used for further modelling) is plotted as a continuous line. Both fit curves (for fuel oil boilers 

and for natural gas boilers) of the relative mortality rate peak at a boiler age of 30 years.  

Using the fit, the absolute mortality rates can be calculated in turn, as shown in Figure 23. 

The curves now show a peak around the age of 25 years (fuel oil) and 23 years (natural 

gas), respectively. Average life time (mean) is about 22 years for fuel oil boilers and about 20 

years for natural gas boilers, while the median is at 22 years for natural gas and at 24 years 

for fuel oil.  

If the results are compared with assumptions usually made, the empirically based figures of 

this study differ significantly from what is assumed e.g. in Beer, Corradini et al. (2009). In the 

latter study, a Weibull distribution is assumed as absolute mortality curve, with the assumed 

curve peaking after 25 years at a value of about 13% mortality rate. The results of the 

research done in this thesis suggest that the distribution is much broader, i.e. the life time is 

Figure 22: Relative mortality curves of natural gas fired boilers (left) and fuel oil boilers (right) 
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Figure 23: Absolute mortality curves of natural gas fired boilers (left) and fuel oil boilers (right)  

much more inhomogeneous. This means that there are boilers that are taken out of operation 

only relatively few years after installation (for what reasons ever) but a significant share of 

the boilers also reach an age of 30 or 35 years.  

4.2.3 Boiler stock in the year 2009 

If sales figures and mortality rates are now cross-checked with the data of the German 

chimney sweep association ZIV (Seelbach 2010), the results appear to be plausible. This is 

shown in Table 8. Note that for the number of boilers with installation year before 1979 there 

are no sales numbers and consequently there is no calculated quantity. 

Whether the differences are caused by model inaccuracy or just by inaccurate sales 

numbers is not determinable. However, it should be remarked that the uncertainty of the 

sales numbers obviously increases the earlier the year from today. Also there is one 

 

Table 8: Number of installed boilers in Germany at the end of 2009 in age classes 

Age 

class  

Installation year Fuel oil boilers Natural gas boilers 

  Calculated 

quantity8 

Real quantity9 Calculated 

quantity10 

Real quantity11

1 before 1979 - 368 000 - 127 000 

2 1979 – 1982 374 292 271 000 186 612 236 000 

3 1983 – 1988 861 839 827 000 831 985 928 000 

4 1990 – 1997  2 436 986 2 480 000 4 163 257 3 930 000 

5 1998 and later 1 826 557 1 740 000 2 871 922 2 400 000 
 

                                                 
8 based on sales figures and modelled mortality rates. Condensing boilers are excluded. 
9 according to ZIV 2010 
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uncertainty with respect to the age classes: Because of the German reunification, the ZIV 

values in age class 3 (columns “real quantity” in the table above) include boilers installed in 

former Western Germany until 1.10.1988 and boilers in former Eastern Germany until 

2.10.1990. Therefore, the boundary between the age classes 3 and 4 is not clear. However, 

the values seem plausible as the calculated value for fuel oil boilers in age class 3 is slightly 

too high, while the value in age class 4 is slightly too low. This is consistent with the fact that 

there are generally few fuel oil boilers in the eastern part of Germany. Looking at the natural 

gas boilers the situation is vice versa; this again is consistent with the fact that there are 

many natural gas fired boilers in former Eastern Germany. The relatively large difference of 

the values for age class 5 (and parts of age class 4 in case of natural gas boilers) can be 

explained by the fact that the ZIV data doesn’t include boilers with less than 11 kW thermal 

output. Therefore, the calculated values are used directly except for the values of age class 

2, where there is no easy explanation for the deviation of the calculated and the ZIV data. In 

the latter case, the values are corrected by a constant factor in order to let the numbers sum 

up to the ZIV values. For the years before 1979, there is no data on sales available. 

Therefore, the ZIV values are taken directly dividing the number according to the calculated 

mortality rates (see section 4.2.3). A cut-off is made in the year 1973, i.e. the category 1974 

contains boilers that have been installed in 1974 and before. This assumption equals the 

assumption of constant sales numbers in the years before 1979 and a cut-off in the year 

1974.  

For other boiler based heating systems like wood pellet boilers no data for such a detailed 

calculation of mortality rates is available. Therefore, for fuel oil condensing boilers the 

mortality rates of conventional fuel oil boilers and for natural gas condensing boilers the 

values of conventional natural gas boilers are used. In the case of wood pellet boilers and 

electric heat pumps, the transferability of the values is not that easy. As the combustion of 

wood pellets requires a robust installation, the lifetime is assumed to be relatively high and 

the mortality rates of the fuel oil boilers are used. The electric heat pump in contrast, with one 

of the main components (the compressor) consisting of moving parts, is assumed to have a 

lower life time; therefore the mortality rates of the natural gas boilers are used.  

It should be added that the influence of the assumption on the mortality rates of wood pellet 

boilers and electric heat pumps on the final modelling results is rather low, as the number of 

wood pellet boilers and electric heat pumps taken out of service in the modelling period 

(2010-2025) is very low compared to the respective numbers of fuel oil and natural gas 

boilers. This is also visible in Figure 24. 
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Figure 24: Boiler stock in Germany in 2009 arranged by installation year. 
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4.2.4 Other heating systems 

Besides boiler based heating systems there are mainly three other types of heating systems 

which do not include a boiler. These are: 

 District heating, 

 Electric resistance heating (mainly night storage heating) and 

 Individual stoves fired with coal, oil, natural gas or biomass. 

For the model, the question of when the respective households intend to renew their heating 

system is of peculiar importance.  

According to Statistisches Bundesamt (2010c) the share of households using district heating 

is 15.5%. Using an estimation of the type of buildings which are using district heating based 

on Statistisches Bundesamt (2008a) the number of deciders can be calculated. 

The current share is intended by policy makers to increase in the years to come. The 

German cogeneration law (Kraft-Wärme-Kopplungsgesetz) gives a goal value of 25% of 

electricity production until 2020, the current value being about 12.5% (so the goal means a 

doubling of cogeneration). Whether this goal will be reached is questionable (IER 2010). 

However, it is very likely that the share of cogeneration will increase and not decrease in the 

coming years. Therefore, in the model the assumption is made that there are no deciders 

which change their heating system from district heating to a different type of heating system. 

However, the opposite (change to district heating) as well as the decision to use district 

heating in newly constructed buildings is possible.  

Generally, the use of district heating is only possible for few households, as the operation of 

a heat distribution grid is not economically feasible in all areas (according to AGFW (2009) 

2875 of 12415 cities and municipalities in Germany have a district heating grid).  Moreover, a 

grid extension is usually only made if several heat consumers (or one large heat consumer) 

decide to use district heating or if government regulation and subsidies come into play. As 

this work focuses on individual decisions, the option district heating is not included in the 

individual decision options, but is given exogenously. For future development, the model 

adopts the simulation result of IER (2010): District heating energy use will increase by about 

15% by 2025. This value is significantly lower than the increase in electricity production, as it 

is expected that the increase mainly occurs in industrial cogeneration plants which use the 

produced heat themselves rather than feeding it into a district heating grid. Moreover, the 

power to heat ratio is also expected to increase in the coming years, so the electricity share 

can increase without increasing the produced heat. A share of the expansion of district 

heating goes into new buildings, as Figure 25 shows. In this figure, the remaining share 

represents buildings with central heating systems. It should be borne in mind that these 

numbers only have limited informative value, as the share of newly built apartments using 

district heating is significantly higher (11.4% in 2009, (Statistisches Bundesamt 2010b)).  
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Figure 25: Type of heating system used in new buildings (Statistisches Bundesamt 2010a) 

Regarding the number of deciders, the share of district heating was 5.2% in 2009. This value 

is assumed to increase to 10% in 2025 and is used for modelling the share of district heating 
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Electric resistance heating is used as the main heating source in about 5% of all apartments 

in Germany (Statistisches Bundesamt 2010c). Because of the high operational costs and the 

inefficiency of electric resistance heating systems (the use of exergetically high-value electric 

energy in order to produce exergetically low-value low-temperature heat is energetically very 

doubtful), these heating systems are planned to be phased out by policy. Economically, 

however, the replacement of electric resistance heating systems by water-based heating 

systems is relatively difficult: The replacement implies a large investment (tubes, radiators 

and boilers) which cannot always be compensated for in the lifetime of a new boiler. 

Additionally, with respect to the right of continuance, it is legally difficult for the government to 

demand such a large investment by the house or apartment owner. Moreover, the resistance 

heating systems are technically simple, and if one stove fails, the reparation costs are usually 

relatively low so that there is no point in which it is absolutely necessary to switch to a 

different type of heating system (as in the case of a boiler reaching the end of its technical 

life). Therefore, electric heating systems are tackled by administrative law. According to 

EnEV (2009) the operation of electric resistance heating systems (as main heating 
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been between 2.4% and 1.3% since the year 1993 (Statistisches Bundesamt 2010a). The 

lowest value occurred in 2009.  

For the model, mortality curves are defined in a way that an average of 50% of all electric 

heating systems are phased out of the market linearly by 2019 and from 2020 on the survival 

probability is constant at 90% (i.e. every year 10% of the systems still existing will be 

replaced). In a sensitivity analysis the upper bound (phasing out all systems until 2019) is 

calculated in order to get an impression of the impacts of the assumption. Every apartment is 

considered to be one decider as there is no binding infrastructure for the use of a central 

heating system. For new buildings, the option of installing an electric resistance heating 

system was not given. 

Individual stoves fired with coal, natural gas, oil or biomass are still used in about 3.3% of all 

German apartments (Statistisches Bundesamt 2010c), see also Figure 19. The share of this 

type of heating system has been decreasing sharply, especially since the German 

reunification in 1990, and continues to decrease (the German energy balances indicate that 

the use of coal as a fuel in households decreased by more than 90% since 1990). The main 

reason for this is the poor comfort properties of individual stoves, which require more activity 

than just pushing a button. In the case of oil and gas fired individual stoves moreover, the 

relatively expensive fuel is used only with low efficiency. In the model, these heating systems 

are assumed to disappear completely (linearly) by 2020. With the same argument as for the 

electric resistance heating systems, every apartment is considered to be a single decider.  

In new buildings there is the theoretic possibility that this value increases again, as in well-

insulated new buildings the heat demand is so low that it can be easily covered by a few 

individual stoves, e.g. using biomass. However, the installation numbers so far do not show 

this trend. The share of new buildings using individual stoves continues to decrease and 

reached 0.5% in 2009 (Statistisches Bundesamt 2010a). Therefore, in the model no 

installation of individual heating systems has been assumed in new buildings. 

4.3 New residential buildings until 2025 

The demand for new residential buildings is basically driven by two factors: the development 

of the total living space and the demolition rate of existing buildings.  

4.3.1 Development of population and total living space 

The historic development of the population in Germany until 2009 is shown in Figure 26. The 

graph also contains four different scenarios for the future development of the German 

population that all predict a strong decrease of the population in the long term. Until 2025 – 

the time horizon of this thesis – the decrease is only slight (between 1.4% and 3.7% of the 

2010 value).  
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Figure 26: Development of the population in Germany (based on Statistisches Bundesamt 

(2009)) 

The Federal Statistical Office in Germany also collects data concerning the number and 

structure of buildings. This data is gathered by a building census about every 20 years (in 

Germany the most recent building census took place in 1995 for the eastern part and in 1987 

for Western Germany) and a subsequent listing of the number of buildings newly constructed 

and demolished every year (Statistisches Bundesamt 2010d). Because of accumulating data 

errors, the accuracy of the modelled building stock decreases with increasing time since the 

last census. The next census is scheduled for 2011. 

The sum of the living space in all existing buildings in Germany is shown in Figure 27. Also 

shown in this figure is the calculated value of living space per capita which has been 

constantly increasing over the past decades. This development can be explained mainly by 

an ongoing trend towards smaller sizes of families (and therefore also households): A family 

living in an apartment or house today consists of fewer persons than twenty years ago. The 

number of one- and two-person-households has increased dramatically by 31% in the past 
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Figure 27: Living space per capita (left axis) and total living space (right axis) in Germany 

(based on Statistisches Bundeamt (2010d)) 

The transaction costs of selling an apartment (which is too large) and buying a new (smaller) 

one are quite high, as the acquisition of land and buildings is taxed highly in Germany. 

Besides high transaction costs, psychological barriers are of high importance. Apartments 
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This is confirmed by the fact that people older than 70 years have the highest consumption 
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Figure 28: Building activity and average size of new living units 

seen clearly that there seems to be something like a saturation effect in the average size of 
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(2010-2025). 

In addition to the increase in required living space, the number of new apartments also 

depends on the demolition rate of existing buildings. Modelling this is usually done by 

applying the concept of mortality rates on buildings (compare section 4.1.3).  

As this work focuses on heating systems, a constant demolition rate of buildings is assumed, 

which is scientific custom (BBSR 2010). Historic demolition values are shown in Figure 29. 

The peak around the year 2004 is caused by the demolition of many prefabricated slab-

construction buildings (“Plattenbau”) in the eastern part of Germany as an answer to a 
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the future, until 2025, a constant demolition rate of about 2 Mil. m² living space per year (the 
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BBSR (2010). Moreover, the influence of this assumption on the overall model result is quite 

low. 
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Figure 29: Demolition of buildings and apartments in Germany. Data taken from Statistisches 

Bundesamt (2010d) 

number of newly built apartments calculates to about 200,000 per year for the period until 

2025. This is slightly higher than the numbers in recent years and is between the upper and 

lower variant of the prognosis of BBSR (2010). Assuming the structure of the apartments 

built in 2009, this value equals about 140,000 buildings and 130,000 deciders. 

4.3.3 Future legislation concerning the energy consumption of buildings 

The renewal of the EU directive on the energy performance of buildings in the year 2010 

forces the member states to develop national legislation that ensures (at least) a cost-optimal 

level of energy efficiency in buildings. This is concretised in the requirement that all new 

buildings are “nearly zero-energy buildings” by the year 2021. The concrete definition of this 

term is left to the national governments and is unclear for Germany so far. In the model, this 

term is interpreted as 10 kWh/m²a. Moreover, the directive requires a change of the handling 

of the energy performance certificate.  

On the way to nearly zero-energy buildings the German energy savings ordinance of 2002 

(which was already amended three times in the years 2004, 2007 and 2009) is planned by 

policy makers to be amended further. One amendment is announced for 2012 already, 

implementing the requirements of the EU directive and further tightening the energy 

consumption limits. Although at the moment details of the planned amendment are not 

known, it is expected that the energy consumption limits are tightened by about 30% (like in 

previous amendments). Therefore, the annual per m² heating energy consumption is set to 

50 kWh from 2012 on. 
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4.4 Powers and limitations of the market model 

Summarising, the powers of the market model are the following: 

 The heating system stock is modelled explicitly. This is an important feature, as there 

are path dependencies in the heating market. 

 Mortality rates are used for modelling which heating systems will have to be replaced 

in the years to come. The mortality rates are estimated based on empirical data.  

 Heating energy demand is not modelled by engineering calculations but modelled 

based on empirical data. In this way, the model fits better to reality as the empirical 

data includes varying user behaviour which cannot be modelled by engineering 

calculations. 

On the other side, there are the following limitations: 

 Heating energy consumption of the households is modelled exogenously and 

independently from the fuel price development. Consequently, in scenarios with high 

fuel prices the model overestimates technologies with high investment costs and low 

operation costs. If energy efficiency measures were modelled endogenously, the 

investment in expensive heating systems would compete against the investment in 

energy-efficient buildings. 

 The landlord-tenant-dilemma (landlord chooses technology with lowest investment 

costs, as the tenant has to pay the operating costs) is theoretically solved by the 

introduction of the building pass. However, in practice many questions remain, if the 

policy instrument works as planned, including the meaningfulness of the building pass 

(calculation of heating requirements vs. retrospective real consumption), the general 

uncertainty induced by different consumer behaviour and the question if the housing 

market is a buyers’ market or a sellers’ market. In the model, no distinction is made 

between owner-inhabited apartments and rented apartments. This implies the 

assumption that the owner chooses the optimal heating system independently of 

whether he lives in it or he rents it out. 

 The model is demand-oriented: The production of the heating systems is neither 

modelled nor restricted (so boiler production can jump from very low values to 

extremely high within one year). However, in reality, demand always will be 

interacting with the supply and if demand exceeds supply, prices will increase. 

 Only the residential heating market is modelled, heating systems of commercial 

buildings are not included. 
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5 Discrete Choice Model 

A discrete choice model can be based on revealed preference or stated preference data (or 

a combination of both). Revealed preference data comes from surveys on real choice 

situations, i.e. situations in which consumers were taking (or had recently taken) a real world 

choice – with all real world consequences. On the contrary, stated preference data comes 

from surveys in which respondents answer the question “what would I do if I was in the 

respective choice situation?”, without really being in the choice situation. The difference 

between the two is basically reliability, as when it comes to real life decisions, people tend to 

chose differently than when they only imagine being in a choice situation (at least for certain 

kinds of decisions).  

The advantages and disadvantages of using revealed or stated preference data are 

described very comprehensively in Hensher, Rose et al. (2005). Summing up, the main 

reasons for using revealed preference data is that it is real world data and more reliable. On 

the other hand, real world choice situations (especially for large investments) occur 

considerably more seldom than one can imagine fictive choice situations and therefore data 

is much easier to obtain using stated preference surveys.  

The discrete choice model presented in this thesis is generally based on revealed preference 

data, as a survey was conducted that was directed at households (or more precisely at 

deciders in the sense of section 3.1) who had recently made the real-world decision of 

installing one specific new heating system. This implies selecting one out of several options. 

However, not all relevant parameters of the choice could be included in the survey – mainly 

due to the cost of information. The most prominent of those parameters which were not 

included was the cost of the competing heating systems which were not chosen. These 

values are probably not even known by all deciders, at least not for all imaginable choice 

options, as it would imply requesting installers of heating systems to calculate and prepare 

up to eight different offers. Moreover, making those values comparable with each other 

would have been nearly impossible for the person evaluating the survey, as the influence of 

specific local conditions on the installation cost is enormous.  

As some of the parameters not included in the survey were considered highly important for 

the estimation of the discrete choice model, this study uses generic data instead of real world 

data. So in the case of the cost of the different alternatives mentioned above, it was 

suggested that the decider made his decision with the information of only the generic values 

(for more details on the generic values see section 5.2). 

5.1 Revealed preference data basis: an online-survey 

In an online-survey performed by the author, households that had recently made an 

investment in a new heating system were asked for their reasons for choosing a specific 
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option. The survey was carried out in the period between October 2009 and May 2010 and 

was directed towards German households. In the survey, the respondents were first asked 

which heating system they finally decided on. In the second step they were presented 21 to 

24 questions about their decision process for the new heating system, the considered 

alternatives, the building, the old heating system, the importance of political incentives as 

well as sociodemographic parameters. One example questionnaire can be seen in the 

appendix (section 9.1). The presented questions were partly heating system specific (e.g. if 

the household decided for an electric heat pump, it was presented the question which heat 

source is used). 

In total, 251 online surveys were collected of which 233 are used for model estimation10. The 

number of surveys split into the selected heating system, is shown in Table 9 together with 

the real market share of the different heating technologies. 

In can be seen clearly that the natural gas condensing boiler – the “standard” heating system 

– is clearly underrepresented, while the innovative heating systems like wood pellets and 

solar thermal are overrepresented. The effects hereof on the model estimation are discussed 

in section 5.3. 

Table 9: Number of questionnaires split into selected heating technology and market shares 

 
Number of 
questionnaires 

Share of 
questionnaires

Market shares 
2008‐2009 

Fuel oil  13  6%  15.4% 

Natural gas  34  15%  59.6% 

Wood pellets  57  24%  2.0% 

Heat pump  43  18%  7.6% 

Fuel oil + Solar  10  4%  2.5% 

Natural gas + Solar  26  11%  9.6% 

Wood pellets + Solar  41  18%  1.4% 

Heat pump + Solar  9  4%  1.9% 

(Micro‐CHP)  18  ‐  ‐ 

 

5.1.1 Sampling 

Generally, the online survey was not directed at one special group and everybody was free 

to participate in the survey once. As nobody was forced to participate, the survey inherently 

contains a self-selection bias. Moreover, as the online survey was spread using internet 

discussion forums on heating systems, it cannot be assumed that the sample is 

representative for the German house owners.  

Firstly, only people that were actively searching for information about heating systems in 

discussion forums participated in the survey. This includes mainly people that are open-

                                                 
10 Micro-CHP is excluded as the market share until 2010 was so low that it still couldn’t be considered 
a commercially available technology.  
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minded with respect to new solutions and leads to a sampling bias towards more liberal 

people. Moreover, the use of the internet as a medium leads to a pre-selection of people that 

are familiar with the use of the internet as an information source. Even more specific is the 

use of forums. These forums are used by a relatively small group of internet users. It is 

reasonable to assume that this group consists mainly of younger people. This leads to bias 

towards younger people. 

In addition to the mentioned points, the numbers of choices of the respective technologies 

appearing in the sample does not reflect the actual market shares of the technologies (see 

Table 9). This is common in situations where market shares differ strongly (in order to reduce 

the number of required respondents and thereby survey costs) and is usually referred to as 

choice-based sampling. Choice-based sampling is no problem for the estimation of the 

model coefficients, but an adjustment to the actual market shares has to be made by 

weighting. How this can be done is described in detail e.g. in Ben-Akiva and Lerman (1985). 

If the other biases affect the estimation results of the statistical model cannot be determined 

without directly comparing them to the results of a representative survey. In the market 

model the biases described above might have an impact on the endogenous model variables 

(e.g. the fact that more liberal and younger people probably put more emphasis on ecological 

friendliness in their decision for a heating system). This effect, however, is adjusted by 

assigning properties to the deciders according to the results of a representative survey not 

carried out by the author (see section 3.3.1). 

5.1.2 Survey results 

In this section, a selection of the survey results is presented. 

The answers of the respondents on the question “What was the main reason of your decision 

for a specific heating system?” are shown in Figure 30 and Figure 31. The answer 

possibilities differed depending on the heating system the household decided for (but the 

respondent also had the possibility to insert an answer of her or his own in a free row), and 

the respondents had only the possibility to select one reason (multiple answers were not 

permitted). In case of the ‘conventional heating systems’, natural gas heating and fuel oil 

heating, a main reason for installing a specific boiler technology was that it had already been 

installed before. This indicates a strong path dependency: If a boiler is replaced by the same 

technology/fuel at the end of its life time, not only the planning process is much easier, but 

also existing components (piping, fuel oil tank etc.) can in many cases be used again. 

Among further reasons, economic reasons prevail and in the case of the fuel oil heating, not 

having access to the gas grid is an important decision reason as well.  

Considering the answers of households that decided for a wood pellet or electric heat pump 

heating system with solar thermal support on the same question (Figure 31), it is quite 

interesting to see that economic reasons also predominate: The three answers “Economic 
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reasons”, “High natural gas and fuel oil prices” and “low operational costs” all are of 

economic nature and are selected by more than 75% and more than 60% in the case of the 

electric heat pump + solar and the wood pellet heating systems, respectively. Only for a 

small share of participants was environmental friendliness of the heating system the main 

reason. In the wood pellet category, moreover, independence from large energy utilities 

plays an important role. This result is quite interesting, considering that in the last years 

several large companies started pellet production on a grand scale and it can be expected 

that this development will proceed further, if the pellet market continues to grow. 

Figure 32 on page 86 shows the results of the question “Considering your heating system, 

what is the importance of the following aspects?” The respondents thereafter were presented 

a list of eight criteria and were asked to allocate one step of importance of a 5-point Likert 

scale (very important to very unimportant). Figure 32a shows the importance of (low) 

investment costs. A tendency is visible: Respondents that decided for a low-priced heating 

system (from the investment point of view) rated this criterion higher than respondents that 

decided for an innovative (and more expensive) heating system. An extreme can be seen at 

the right end of the figure: Of all respondents that decided for a heat pump with solar thermal 

panels, no one considered low investment costs even “somewhat important”. Although the 

number of questionnaires of households with a heat pump + solar heating system is quite low 

(n=9), the results indicate that this combination is like a “toy” for the rich and curious and that 

costs don’t really play an important role. 

In Figure 32b, the results are presented for the importance of low operational costs. Here the 

situation is different: The respondents with heating systems which have low operational costs 

(wood pellet boiler, electric heat pump) don’t consider the operational costs more important 

than the respondents with heating systems which have high operational costs (fuel oil boiler, 

natural gas boiler). Or vice versa: Everybody considers low operational costs to be quite 

important, although his own operational costs are not so low. 
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Figure 30: Answers to the question “What was the main reason of your decision for the 

specific heating system?” for respondents which decided for a natural gas or a fuel oil heating 

system. 

 

 

Figure 31: Answers to the question “What was the main reason of your decision for the 

specific heating system?” for respondents which decided for a wood pellet or an electric heat 

pump heating system with solar thermal collectors.  

Natural gas heating system Fuel oil heating system

Electric heat pump + solarWood pellet heating system
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(a) Importance of low investment costs         (b) Importance of low operational costs 

 

 

 

 

 

 

 

 

 

 

 
 

    (c) Importance of using renewable energy       (d) Importance of space requirement 

 

 

 

 

 

 

 

 

 

 

 

 

(e) Importance of technological maturity         (f) Importance of maintenance effort 

Figure 32: Question: “Regarding your heating system, what is the importance of …” 
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In Figure 32c and d, the importance of using renewable energies and the importance of the 

space requirement of the heating system are shown, respectively. The importance of using 

renewables is higher for deciders with a partly or fully renewable based heating system – 

which is not surprising. Considering Figure 32d, it is visible that space is an issue (“very 

important” and “somewhat important”) for about 40% of the households with natural gas 

heating, slightly less for households with fuel oil heating and considerably less for 

households with a wood pellet boiler. From this, the following point can be deduced (which 

we will see even more clearly later on): Because of the space requirement for a wood pellet 

storeroom, wood pellet boilers are installed mainly in households which previously had fuel 

oil heating. In this case, the room previously containing the fuel oil tank can be converted into 

a wood pellet storeroom. Although the energy density per volume of wood pellets is about 

half of the energy density of fuel oil, the storage capacity is usually sufficient, as a storeroom 

for wood pellets can use (nearly) the whole room, whereas a fuel oil tank never fits into a 

room perfectly and therefore volume is lost. 

In Figure 32e, the importance of technological maturity is shown. The question of 

technological maturity was included in the questionnaire with the expectation that households 

which decided on an innovative heating system perhaps accepted a lower level of technical 

maturity (i.e. more frequent technical problems). However, the share of respondents 

considering technical maturity “very important” or “somewhat important” is throughout high. 

Only a minority of the households (<20%) that decided on an innovative heating system 

selected “partly”. This opinion seems not to exist among households with a conventional 

heating system. 

Figure 32f shows the answers to the question of the importance of maintenance effort. Again, 

this question was especially directed to the owners of wood pellet boilers. Wood pellet 

heating systems are the only type of heating system which generally require a higher 

maintenance effort (in form of emptying the ash pan from time to time), than the other 

heating systems, when technical failures are disregarded. The following results are 

observed: Wood pellet people feel considerably less bothered by required maintenance effort 

of their heating system than the owners of other heating systems. The share of households 

considering maintenance effort “very important” or “somewhat important” is lower. 

Figure 33 shows the technology which the households decided for, together with information 

about the size of the place of residence of the respondent. The graph clearly shows that the 

majority of fuel oil and wood pellet heating systems are installed in rural areas (villages with 

less than 5000 residents). This is because in these areas there is no access to the natural 

gas grid. Moreover, in less densely populated areas, fuel storage (fuel oil tank/ wood pellet 

storeroom) is a less important issue compared to urban areas.  
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Figure 33: Chosen technology and size of place of residence 

 

Figure 34: Chosen technology and previous heating system 

Finally, Figure 34 shows the chosen technology combined with information about the 

respective previous heating system. The purple parts of the bar represent new buildings (no 

previous heating system). For natural gas + solar and for heating systems based on an 

electric heat pump, the market of new buildings is quite important. The results also suggest 

that an important share of households deciding on a wood pellet boiler combined with solar 

thermal panels reside new buildings. Most common change pathways can also be 

determined, when the results are considered: Fuel oil heating systems are installed in 

buildings where a fuel oil boiler already had been installed, natural gas boilers are installed 

where natural gas boilers had previously been installed and wood pellet boilers mainly 

replace fuel oil boilers and other (which mainly consist of manually charged biomass boilers). 

Less than 20% of the wood pellet boilers replace natural gas boilers. A large share of the 

electric heat pumps is installed in new buildings with a good insulation – this is because heat 
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pumps in this case can be operated with a low supply temperature, which makes them more 

efficient and more economic. Concerning the heat pumps which are installed in an existing 

building, the picture is not very clear: Heat pumps without solar thermal support mainly 

replace fuel oil boilers, whereas heat pumps with solar thermal panels mainly replace natural 

gas boilers. The latter result can possibly be ascribed to the low number of surveys.  

5.2 Modelling-based variables 

The estimation of the model is based as well as possible on the revealed preference 

variables described in the last section. However, for reasons already explained in the 

introduction of section 5, not all parameters with suggested influence on the decision could 

be included in the questionnaire of the survey. Those parameters are the investment costs 

and the estimated operational costs. 

5.2.1 Modelling of the costs of the considered technologies 

The costs belong to the most important attributes of innovations that influence the rate of 

adoption (via the relative advantage, see section 2.1.2). This is especially true for a usually 

non-emotional product like a heating system (in the case of the heating system including 

solar thermal panels, it is arguable whether they are non-emotional or not, as the panels are 

clearly visible for all neighbours and give the building and the building owner a touch of eco; 

in all other cases the heating system is hidden in the building and therefore can’t become a 

status symbol like a car).  

According to the German guideline VDI 2067 (VDI 2000), the costs of a heating system can 

be divided into capital-related costs, consumption-related costs and operation-related costs. 

The capital-bound costs include all costs related with the investment, i.e. cost of repayment 

of loans and interest payments and can be calculated using the annuity of the investment.  

The consumption-bound costs include fuel costs (fuel oil, natural gas, wood pellets and 

heating electricity) and auxiliary electrical power costs. Because of the lack of data and the 

comparably low importance, the latter is disregarded in this thesis.  

Operation-related costs are the costs for service, inspection, maintenance and repairs. For 

the model presented in this thesis, operation-related costs are also disregarded, as they 

usually constitute a relatively small share compared to the other cost components and are 

difficult to determine generically.  

In the case of heating systems, the cost structure is quite special compared to other typical 

household investments, because the operational costs summed up over the whole lifetime 

are often much higher than the investment costs. As explained in section 5.1.2, the 

investment costs which are paid immediately and the operational costs which are due during 

the years of operation of the system are perceived quite differently by the households. 
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Therefore the first two components initially remain as separate model variables and they are 

not combined to a single variable, e.g. a single annuity. 

5.2.2 Investment costs 

The annuity of the investment costs has been used as a model variable. The investment 

costs of the different heating systems were evaluated using data from a famous German 

magazine which tests different products (‘Stiftung Warentest’). The magazine performs tests 

of several boiler types every 2-4 years and includes list prices of the boilers in its tests. The 

results are shown in Figure 35. In the figure, the average price is marked with the symbol 

corresponding to the technology and the median of the prices is marked with a horizontal line 

in the colour of the corresponding technology. The whiskers indicate minimum and maximum 

prices. The size of the samples is usually between 8 and 10. As the prices of the boilers 

listed in the studies are list prices and installers usually give a discount of between 5% and 

20% on this price, the assumed boiler prices are reduced by 15%. One test of solar thermal 

systems (including 4-6 m² collectors, control and a solar water storage) is also included in the 

diagram. 

In addition to the costs of the boiler, the installation of a heating system requires several 

other components. An overview of the cost assumptions (including boiler costs) is given in 

Table 10. If a boiler is replaced in an existing building, the total investment sum for some 

technologies depends on whether some components already exist (e.g. the fuel oil tank or 

the gas grid connection). Therefore the investment costs in existing buildings are presented 
 

 

Figure 35: Cost of boilers including control and fuel transportation system (wood pellets) 

according to several studies of the magazine „Stiftung Warentest“11 

                                                 
11 In the 2010 study of gas condensing boilers all boilers included a hot water storage. In order to 
compensate this, the price of the boiler was reduced by 500 Euros in the diagram. 
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as a range in the table. Further details of the investment cost assumptions can be found in 

the appendix (Table 15 in section 0).  

Learning effects are considered for the newly introduced technologies (wood pellets, electric 

heat pump and solar thermal systems), as described in section 3.3.3. The learning rates 

assumed for the model can also be found in Table 10 and are applied to boiler costs, 

installation costs, fuel storage (in the case of wood pellets) and heat source (in the case of 

the heat pump). In the model the investment costs of the respective technology are 

calculated every year according to the learning curve formula given in section 2.2.4. In the 

case of the electric heat pumps, e.g., the learning effects are calculated based on the year 

2007 (the year of the study), so the investment costs at the starting year of the model (the 

year 2010) are already lower than the value given in Table 10.  

Investment subsidies of the government are considered in the past (for the model estimation) 

as they occurred. For the future the influence of possible subsidies is evaluated separately 

(see section 6.3.1). 

In addition to government investment subsidies, for some environmentally-friendly 

technologies, there are low-interest loans provided by the German government via the 

German KfW-Bank. In order to include the subsidy effect of the low-interest loans in the 

model, the annuity of the investment is used as a model variable. In that way, loans at a 

lower interest rate which are provided for some selected technologies only lead to a reduced 

annuity of those technologies. When calculating the annuity, a lifetime of the heating system 

of 20 years is assumed. A possible longer life time of peripheral components like gas grid 

connection and heating oil storage is considered by reducing the investment sum by the 

costs of those components, if they already exist. This implies the simplification that no 

replacement of those components in the lifetime of the investment will be necessary. 

Currently (March 2011), the interest rate given by the KfW-Bank for financing a boiler 

replacement is not technology specific (Eltrop 2011) and lies at 4.26%. 
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Table 10: Investment costs and other central model assumptions for the different heating 

systems (values in brackets are applied in a sensitivity analysis)12 

 Fuel oil Natural 
gas  

Wood 
pellets 

Heat pump Solar thermal 
system 

Year of the cost 
study 

- - 2009 2007 2008 

Interest rate 4.26% 4.26% 4.26% 4.26% 4.26% 
Life time [years] 20 20 20 20 20 
Investment sum 
existing building 

9,000 € – 
11,400 €13 

6,750 € –
8,800 €14 18,900 € 

21,550 € – 
27,650 €15 

5,850 € 

Investment sum 
new building 

11,400 € 8,800 € 18,900 € 21,550 €16 5,850 € 

Annual use 
efficiency 

92% 94.4% 
73% 

(82%) 
380% (330%) - 

Fuel saving - - - - 
15% (10% in 
ex. buildings) 

Learning rates 0% 0% 7% (10%) 20% (7%) 10% (10%) 

5.2.3 Operational costs 

The operational costs cop are calculated using the heat demand hd of the decider (see 

section 4.1.3), if applicable, corrected by the heat produced by solar thermal panels (solar 

share s), the respective boiler/heating system efficiency ηboiler (see section 3.2) and the 

predicted fuel price pfuel;predicted.  

1 ∗
∗ ;  

According to the presented formula, the assumption of the decider on the future fuel price 

development plays an important role in order to estimate the average operational costs. 

Those assumptions will probably depend strongly on the deciders beliefs on the finiteness of 

fossil fuels as well as on the development of the past, say, 3 years. As these different 

assumptions are difficult to represent in the model (and much more effort would have to be 

put into this question if the goal was to answer it precisely), a more general assumption is 

made and fix values are taken. Future fuel price development has already been discussed in 

section 3.3.2. However, the findings of the section can't be applied here, because for the 

calculation of the operational costs an ex-ante assumed fuel price development is required. 

Section 3.3.2, however, discusses only the generation of fuel price development paths in 

dependence of the development of fuel oil prices and wood pellet demand.  

                                                 
12 All costs include VAT (19% in Germany). If not stated otherwise, the cost data are taken from 
specific offers of heating system installers.  
13 Depending on if a fuel oil tank already exists 
14 Depending on if a natural gas grid connection already exists 
15 Depending on if a panel heating system already exists 
16 According to Vogler (2001) the costs of a panel heating system and the costs of a radiator heating 
system do not differ significantly. As in new buildings some kind of heat distribution system has to be 
installed newly, anyway, there are no additional costs caused by the panel heating system. Moreover, 
in new buildings panel heating systems have an increasing share of about 80% (see section 4.1.4) 
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By searching long-term fossil fuel price forecasts the author discovered that today, not even 

the large oil companies like BP (BP World Energy Outlook) or Exxon Mobile dare giving a 

long-term prognosis. The IEA gives a value of 113 $/bbl for the year 2020. However, 

considering current (July 2011) crude oil prices of around 120 $/bbl, it is questionable 

whether this figure can be used for such an analysis. As a result, the current study uses the 

historic increase rates: 2.4%/a for fuel oil, 1.0%/a for natural gas and 1.1%/a for wood 

pellets. Because for heating electricity no historic prices are available, the rate of IER (2010) 

(0.4%/a) is used. 

5.2.4 Life cycle cost 

In the first attempts to estimate the statistical model with two separate variables: investment 

cost and operational costs, it turned out that both are correlated to a very high degree. 

Obviously they are inversely proportional: The higher the investment costs, the lower the 

operational costs. Although the result of the model estimation (i.e. separate coefficients for 

investment and operational costs) would have been quite interesting, it is methodologically 

impossible to include two correlated variables in a model. Therefore, one variable, the life 

cycle cost, is calculated from investment and operational costs. The concept of life cycle cost 

(LCC) gained importance after the second oil crisis, when rising energy costs were, for the 

first time, perceived by consumers (Hutton and Wilkie 1980). Although the total costs of 

ownership are calculated by simply summing up the annuity of the investment cost and the 

annual operational costs, this step requires one important assumption: the discount rate, with 

which consumers weight cash flows at present against (reduced) cash flows in the future. 

This topic is discussed extensively in literature (e.g. Hassett and Metcalf (1993), Awerbuch 

and Deehan (1995)). For the current analysis for pragmatic reasons the current (March 2011) 

interest rate given by the German KfW-Bank for financing a boiler replacement is used. The 

value is shown in Table 10.  

5.2.5 High investment cost as an investment barrier 

From a consumer view, high investment costs can be regarded as an independent 

investment barrier: Although a specific heating system promises overall cost savings in the 

future, it is sometimes (or for some consumer groups) difficult to find a financer for the 

investment. A reason therefore is the uncertainty associated with future savings: Future fuel 

price development underlies a heavy uncertainty. Moreover, the life time of the investment as 

well as the reliability of the saving calculation (mostly carried out by the installer and rarely 

verifiable by the consumer) imply uncertainties as well. As all innovative (and renewable) 

heating systems are associated with high investment costs (and promised fuel savings in the 

future), this aversion to high investment costs acts like an entry barrier for innovative 

technologies.  
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As the barrier nature of the investment costs is likely to decrease with increasing household 

income, the variable used in the model estimation is the annuity of the investment costs (as 

described in section 5.2.2) per monthly household income (which was part of the survey 

described in section 5.1). 

5.3 Model estimation 

The estimation of the multinomial logistic regression model is based on the data described in 

section 5.1 and 5.2. According to Urban (1993) and Andreß, Hagenaars et al. (1997), the 

number of surveys (as given in section 5.1) is sufficient because, for a sample with more 

than 100 records, the results of a logit analysis are superior to those of other statistical 

procedures.  

The independent model variables can be classified as being decider-specific (variables 

presented in section 5.1) and alternative-specific (all variables presented in section 5.2.). In 

the case of the decider-specific variables, the influence (i.e. the estimated parameter) varies 

between the alternatives (but the variable itself is equal for all alternatives). For alternative-

specific variables, it is the other way around: The influence of the variable on every 

alternative is the same, but the variable itself (e.g. the annuity of the investment and 

operational costs) varies between the alternatives. So, as there are eight alternatives, with 

every alternative-specific variable, one degree of freedom (i.e. one parameter to be 

estimated) is added to the model. With every decider-specific variable, in contrast, seven 

degrees of freedom are added (eight minus one for the base alternative).  

The model parameters (logit coefficients) are estimated by applying maximum likelihood 

analysis (ML) implemented in the statistical software package STATA. The mathematic 

theory of maximum likelihood estimation can e.g. be found in Train (2003). There are three 

levels on which the quality of a model estimation can be assessed:  

1. Determining the statistical significance of the model in comparison with a base model  

2. Assessing the significance of the individual model effects  

3. Assessing the (retrospective) prognosis success of the model   

As the model uses ML estimation and not ordinary least squares estimation, the use of the F-

statistics as an indicator of overall model significance is not possible.  

The estimation of the parameters of a proposed model is performed by maximising the log-

likelihood function, as log-likelihood values nearer zero present a better model fit (Hensher, 

Rose et al. 2005). However, the absolute value of the log-likelihood function does not contain 

any information about the goodness of the model fit. The value therefore has to be compared 

to some kind of base model, which does not contain the information given by the data set 

used for the model fit. For defining the base model, there are two options:  

 Estimating a model without any information contained within the data 
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 Estimating a model only based on the mean values (in our case the market shares) given 

in the data set.  

As the survey data set has to be corrected with respect to the market shares anyway, a good 

point of comparison is a constants-only model, which only uses the market shares of the 

respective technologies. If the log-likelihood (LL) function of the proposed model is 

statistically closer to zero than the LL-function of the “constants only” model, then the 

additional information used improves the model and the model “may be thought of as being 

statistically significant overall” (Hensher, Rose et al. 2005).  

The comparison is conducted by comparing the -2LL statistics with a Chi-square statistics 

with degrees of freedom (df) equal to the difference of the df of the two models (proposed 

model vs. constants only model). This test is called likelihood-ratio test. 

In order to measure the significance of the individual effects, the variances of the estimated 

parameters can be used (which are a by-product of ML estimation). The lower the variances, 

the lower the probability that a different control sample leads to differences in the estimated 

parameters. If the confidence interval contains both negative and positive values (i.e. if the 

variance is high compared to the absolute value of the estimated parameter), it is uncertain 

whether the parameter has positive, negative or just zero influence on the dependent 

variable. For this purpose, calculating the t-statistics, i.e. the ratio between coefficient and 

standard deviation is useful: 

t ratio
b
s

 

Values of the t-statistics above 1.96 imply that the probability of the null-hypothesis (i.e. the 

hypothesis that the influence of the respective parameter is 0 in the population) is below 5%.  

Especially problematic is the case in which the absolute value of the estimator is very high, 

but the null hypothesis cannot be rejected. The mathematical derivation of the t-statistics can 

be found for example in Ben-Akiva and Lerman (1985). 

The estimated parameters can be interpreted in form of marginal effects of the kth regressor 

on the probability that individual i choses alternative j. 

Pr	
 

Another possibility, and in many cases even more useful, is the calculation of elasticities. An 

elasticity is the proportionate change of the dependent variable associated with a 

proportionate change of the independent variable (Cameron and Trivedi 2009). As we are 

not working with a linear model, the marginal effects as well as the elasticities depend on the 

point of evaluation. Usually the average marginal effects/elasticities of the sample values are 

calculated (here average refers to the average of the survey data). Other possibilities are the 

calculation of the marginal effects at the mean of the regressor or at representative regressor 

values.  
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Finally, the model can retrospectively be applied using survey data and the model outcome 

can be compared with the real decision. The result can be shown in a matrix with rows 

“predicted choice” and columns “actual choice”. This method is easy to understand and 

sounds plausible; however, it can be erroneous: Imagine a situation where the model for not 

a single decider predicts the right (actual) choice, but the calculated choice probability of the 

actually chosen option was only slightly lower than of one other option (remember the non-

linear properties of the model!). In this case the criterion would ascribe a value of zero to the 

model, although the model predicted quite well. Moreover this method is based on the notion 

that the decider chooses the alternative with the highest calculated systematic utility Vin. This 

notion is opposed to the random utility theory presented in section 2.3.3 and misunderstands 

the meaning of “choice probabilities” (Train 2003). Therefore, it is not applied here. 

5.3.1 Alternative-specific variables 

The following characteristics of the heating system (alternative-specific variables) were 

tested for statistical significance on the decision: 

 Investment costs (variable name: inv_cost), 

 Operational costs (variable name: oper_cost), 

 Life cycle costs (variable name: annuity) and 

 Investment costs per monthly household income as an investment barrier (variable name: 

InvPerInc). 

Table 11 shows the estimation results of several tested models with alternative-specific 

variables only. Performing a LR test shows that all models are statistically better than the 

constants only model at a 1% level (the p-value is not shown here). The same is true for all 
 

Table 11:  Estimation results of several models with alternative-specific variables only 

    Coef.  P>|z|  Log‐
likelihood 

df  ‐2LL  p‐value  
(LL  ratio  test 
vs. No. 5) 

R² 
McFadden 

1  constants 
only 

‐   
‐13283.175 7   ‐

2  oper_cost  ‐0.0003952  0.0000  ‐12161.550 8   0.0844

3  inv_cost  ‐0.0003288  0.0000  ‐13247.006 8   0.0027

4  annuity  ‐0.0011952  0.0000  ‐12812.306 8   0.0354

5  InvPerInc  ‐0.5474717  0.0000  ‐10165.790 8   0.2347

6  inv_cost 
oper_cost 

‐0.0003304 
‐0.0002586 

0.0000 
0.0000 

‐12148.516 9 ‐ ‐   0.0854

7  InvPerInc 
annuity 

‐0.4789606 
‐0.000468 

0.0000 
0.0000 

‐10125.159 9 81.262 0.0000  0.2347

8  InvPerInc 
oper_cost 

‐0.5482819 
0.0000539 

0.0000 
0.3400 

‐10165.336 9 0.908 0.3406  0.2347
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estimated coefficients (with exception of the last model). Considering the models with one 

variable only, the model No. 5, which uses InvPerInc (the investment cost per monthly 

household income) performs by far best (largest log-likelihood value while the degrees of 

freedom remain constant). Rows 6-8 show the results for models with two variables: The first 

of these (No. 6) performs worse than model No. 5. Adding the operational cost (model No. 8) 

does not statistically perform better than model No. 5 (p-value of 0.34 of a likelihood ratio 

test, shown in the penultimate column). However, if the annuity is added as a variable (model 

No. 7), this results in a higher log-likelihood value. A likelihood ratio test confirms this 

(second to last column, p-value of about 2E-19). Model No. 7 is therefore taken as a basis for 

further refining in the next section.  

5.3.2 Decider-specific variables 

In a second step, characteristics of the decision makers were added to the model as decider-

specific variables. A first analysis of the correlation of the heating system decision with the 

respective survey variables (Pearson’s chi-square test for independence) is shown in Table 

12. The applicability of the respective variables does not only depend on the correlation to 

the heating system decision. However, it is also necessary to have representative values for 

Germany for the respective variable. As this is not always the case (and the survey itself 

unfortunately cannot be regarded as representative), the number of candidate variables for 

the model is further reduced. The representative values are taken from a large survey of the 

year 2009 (mindline energy 2009).  

McFaddens pseudo-R² is used as a measure of goodness of fit and a LR-test is performed 

every time a variable is added in order to assure a significant refinement of the model. 

Moreover, the Akaike information criterion (AIC) and the Bayesian information criterion (BIC), 

which penalise models with more variables are calculated for every proposed model. 

Furthermore, no collinear variables were included in the model, which is a strong restriction, 

especially with respect to the variables dv1-dv10, which represent the importance of several 

criteria in the investment decision. Taking all these criteria into consideration, the best model 

estimation contains the variables EcoFriendly (environmental friendliness important), Space 

(required space important), Maintenance (maintenance effort important), SmallVillage (place 

of residence less than 5000 inhabitants) and PanelHeating (existence of a panel heating 

system) in addition to the alternative-specific variables InvPerInc and annuity as described in 

the previous section. The estimation statistics are shown in Table 13. The R² (McFadden) is 

0.321, which equals a linear R² of nearly 0.7 and represents a decent model fit according to 

Hensher, Rose et al. (2005). 

As a last step, the final model estimation can be checked on IIA (as discussed in section 2.4) 

by performing a Hausman-test. According to the results of the test, the Null Hypothesis 

(which assumes that IIA is not true) can be rejected for seven of eight cases. Only in the 
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case the option “natural gas + solar” is removed from the specified model, the Null 

Hypothesis can’t be rejected. Although this is not optimal, in the view of the author it is 

acceptable, as this option in the model is only for about 7% of the deciders not available 

(deciders without access to the natural gas grid).  

Table 12: Survey variables and their applicability for the model 

 

 

Var. Name  Variable description  Repr. values 
available 

df p-value   Candidate 
variable 

f1_1b  New building  x  7 .002296270 ***  x 
dv1  Investment costs are important  x  7 .000176261 ***  x 
dv2  Operation costs are important  x  7 .007093539 ***  x 
EcoFriendly  Environmental friendliness is 

important 
x  7 .000475472 ***  x 

dv4  Using renewable energy is 
important 

x  7 .000000019 ***  x 

Space  Required space is important  x  7 .000702847 ***  x 
dv6  Technical maturity is important    7 .228378826    
Maintenance  Maintenance effort is important  x  7 .002848005 ***  x 
dv8  Being a pioneer is important    7 .000038034 ***   
dv9  Financial support is important  x  7 .028159069 **  x 
dv10  Independence of large energy 

utilities is important 
  7 .000000000 ***   

PanelHeating  Panel heating system already 
existent 

x  7 .051377468 *  x 

f24  Previous heating system  x  21 .000000000 ***  x 

dvf24_1  Previous heating system: Fuel 
oil 

x  7 .000000005 ***  x 

dvf24_2  Previous heating system: 
Natural gas 

x  7 .000000014 ***  x 

dvf24_3  Previous heating system: None, 
new building 

x  7 .000852087 ***  x 

dvf24_0  Previous heating system: Other  x  7 .047772153 **  x 

f25  Year of manufacture of the old 
heating boiler 

  21 .896252802    

f26b  Construction year of building  x  21 .003979611 ***  x 
dvf30  Policy support is decisive    7 .020284398 **   
dvf33  Interest in energy engineering    7 .375922452    
f28  Building Type  x  21 .345970555    
dvf28_1  Detached house  x  7 .372246860    
dvf28_2  Semidetached house  x  7 .240840650    
dvf28_3  Apartment building  x  7 .742622240    
dv12  Numbers of persons in the HH  x  63 .849678476    
f32  Numbers of children in the HH  x  35 .108220202    
f34  Size of place of residence  x  28 .060460663 *   
SmallVillage  Size: 0‐5000 habitants  x  7 .001404861 ***  x 
dvf34_2  Size: 5000‐20000 habitants  x  7 .410712564    
dvf34_3  Size: 20000‐100000 habitants  x  7 .192466592    
dvf34_4  Size: 100000‐500000 habitants  x  7 .659767597    
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Table 13: Final model estimation results 

Model  ll(null)  ll(model)  df  AIC  BIC  R2 McFadden 

.  ‐13283.175  ‐9015.749  44 18119.5 18518.88 0.321265511 
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6 Results: Decision Criteria, Diffusion of Innovations and Policy 

Influence 

6.1 Decision criteria of the heating system investment decision - 

interpretation of the estimation results 

In a first step, the logit-coefficients can be analysed qualitatively: The logit-coefficients are 

measures of the influence of the dependent variables on the independent variable. As the 

dependent variable has the form of a logit, the coefficients have to be analysed with caution. 

However, it is easy to analyse whether the coefficient is positive or negative, i.e. whether the 

corresponding independent variable positively or negatively influences the decision 

probability. Moreover, high absolute values signify a high influence, while values near 0 

correspond to a low influence (when keeping track of the dimension of the variable). Another 

possibility for analysing the logit coefficients is to check whether the algebraic signs of the 

logit coefficients are stable in different model specifications. 

6.1.1 Analysis of the estimated model parameters 

The estimated parameters of the finally proposed model are shown in Figure 36. The entire 

model and the majority of estimated parameters are statistically significant at a 1% level. 

Only for few parameters, the null hypothesis cannot be rejected. This is the case for the 

influence of variable Space (“Required space is important”) on the decision for/against a fuel 

oil boiler or a fuel oil + solar heating system. This is surprising, as a fuel oil heating system 

requires a lot of space (e.g. for fuel oil storage) and therefore this variable generally was 

expected to influence the investment decision. In addition to the mentioned case, the 

influence of the fact of living in a small village (variable SmallVillage) on the decision 

for/against an electric heat pump, a wood pellets + solar or a natural gas + solar heating 

system is not (or only weakly) statistically significant. For the heat pump, this can be 

explained by the fact that heat pump based heating systems are usually installed in new 

buildings, and few new buildings are constructed in rural areas. On the other hand, heat 

pumps do not require gas grid access (which is not available in some rural villages), which 

would favour the use of heat pumps in villages with less than 5000 inhabitants. Finally, 

having a panel heating system installed (PanelHeating) doesn’t have a significant influence 

on the decision for a fuel oil + solar heating system, which can be reproduced, as there is no 

special benefit from using a low-temperature heat distribution system together with a fuel oil 

boiler. 

Analysing the other parameters shows that both annuity and InvPerInc influence the choice 

probability negatively, so higher costs reduce the utility of a heating system. With regard to 

the dimension of the variables note that annuity is measured in Euros/year (so it is in the 
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range of several thousand) and InvPerInc is measured in investment per monthly household 

income (which ranges between one and ten), while all other (decider-specific) variables are 

binary dummy variables (i.e. can take values zero or one). 

Regarding the decision for a fuel oil heating system, the results show that it is most heavily 

influenced by variable SmallVillage: Living in a small village contributes strongly to the utility. 

Thereafter, having a panel heating system installed reduces the probability of buying a fuel 

oil boiler. Finally, if for the decider a low maintenance effort is important, then the consumer 

is more probable to buy a fuel oil boiler.  

In the case of the wood pellet boiler SmallVillage again has a large influence (what shows 

that people living in rural areas are more familiar with using wood as a fuel), while the most 

important is the space requirement of a wood pellet heating system (Space). The attitude 

towards the importance of environmental friendliness (EcoFriendly) is also significant. 

Refusing maintenance effort (Maintenance) influences the decision negatively. 

The electric heat pump is the only system with a positive constant estimate: As all constants 

are estimated relative to the base alternative (natural gas heating system), this reflects the 

good acceptance of the heat pump. An existing panel heating system as well as a high 

importance of environmental friendliness influences the decision positively, while, if the 

maintenance effort is considered important, the utility is reduced. The latter is interesting, as 

a heat pump is supposed to be a more or less maintenance free heating system. 

The fuel oil + solar heating system is chosen by households that consider environmental 

friendliness and low maintenance effort important. Also, living in a rural area favours the 

decision for a fuel oil + solar system, because of the good availability of space (larger houses 

in rural areas) as well as a lack of alternatives (generally more houses without gas grid 

access than in densely populated areas).  

A natural gas + solar heating system is chosen by households for which low space 

requirements of a heating system are important. An existing panel heating system and 

environmental friendliness favour the decision for such a heating system, too. The influence 

of the size of the place of residence is low. 

 Wood pellet + solar heating systems are chosen by households with a strong affinity to 

environmental friendliness as well as households considering maintenance effort to have a 

low importance. Moreover, the required space influences the decision negatively.  
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Figure 36: STATA output of model estimation  

                                                                              
       _cons    -1.993535   .3337828    -5.97   0.000    -2.647737   -1.339332
PanelHeating     1.265248   .2246427     5.63   0.000     .8249565     1.70554
 Maintenance    -1.617407   .2270994    -7.12   0.000    -2.062513     -1.1723
       Space     1.407164   .2230704     6.31   0.000     .9699541    1.844374
SmallVillage     1.195126   .2114213     5.65   0.000     .7807481    1.609504
 EcoFriendly     1.505269   .2507593     6.00   0.000      1.01379    1.996748
Heat_pump_~r  
                                                                              
       _cons    -1.921151   .3418943    -5.62   0.000    -2.591252   -1.251051
PanelHeating     .6793166   .2990934     2.27   0.023     .0931042    1.265529
 Maintenance    -1.284604   .2785014    -4.61   0.000    -1.830457   -.7387515
       Space    -1.074303   .4369977    -2.46   0.014    -1.930803   -.2178037
SmallVillage     .3151611    .255443     1.23   0.217     -.185498    .8158202
 EcoFriendly     1.230374   .2977078     4.13   0.000     .6468777    1.813871
Wood_pelle~r  
                                                                              
       _cons    -1.332242   .1232696   -10.81   0.000    -1.573846   -1.090637
PanelHeating     .4153366   .1038309     4.00   0.000     .2118318    .6188414
 Maintenance    -.3116157   .1061751    -2.93   0.003    -.5197152   -.1035163
       Space     .6200527   .0816199     7.60   0.000     .4600806    .7800248
SmallVillage     .1559111   .0898501     1.74   0.083    -.0201919    .3320142
 EcoFriendly     .4809419   .0809966     5.94   0.000     .3221915    .6396923
Natural_ga~r  
                                                                              
       _cons    -3.549941   .2752575   -12.90   0.000    -4.089436   -3.010447
PanelHeating    -.4077996   .2269326    -1.80   0.072    -.8525794    .0369801
 Maintenance     .8777609   .2351283     3.73   0.000      .416918    1.338604
       Space     .0883937   .1589327     0.56   0.578    -.2231087    .3998962
SmallVillage     .9991146   .1531465     6.52   0.000      .698953    1.299276
 EcoFriendly     1.134823   .1691781     6.71   0.000     .8032395    1.466406
Fuel_oil__~r  
                                                                              
       _cons     .4330966   .1516778     2.86   0.004     .1358135    .7303796
PanelHeating     .4035417   .1116255     3.62   0.000     .1847597    .6223236
 Maintenance    -.8240099   .1170123    -7.04   0.000     -1.05335     -.59467
       Space     .5567423   .1043921     5.33   0.000     .3521376    .7613469
SmallVillage    -.0213504   .1043625    -0.20   0.838    -.2258972    .1831963
 EcoFriendly     .1971646   .0924075     2.13   0.033     .0160494    .3782799
Heat_pump     
                                                                              
       _cons    -2.401176   .2410268    -9.96   0.000     -2.87358   -1.928772
PanelHeating     .8634815   .1967427     4.39   0.000     .4778729     1.24909
 Maintenance    -.8508383   .1956629    -4.35   0.000    -1.234331    -.467346
       Space     -1.31995   .3110896    -4.24   0.000    -1.929674   -.7102252
SmallVillage     1.057169   .1859296     5.69   0.000     .6927539    1.421585
 EcoFriendly     .9437936   .1992676     4.74   0.000     .5532362    1.334351
Wood_pellets  
                                                                              
Natural_gas      (base alternative)
                                                                              
       _cons    -1.874552   .1257305   -14.91   0.000    -2.120979   -1.628125
PanelHeating    -.6240955   .1137883    -5.48   0.000    -.8471165   -.4010746
 Maintenance     .6259755   .1159618     5.40   0.000     .3986945    .8532565
       Space     .1037734   .0750087     1.38   0.167    -.0432411    .2507878
SmallVillage     1.309814   .0779299    16.81   0.000     1.157074    1.462554
 EcoFriendly    -.2507825   .0735906    -3.41   0.001    -.3950175   -.1065475
Fuel_oil      
                                                                              
   InvPerInc    -.4741286   .0230549   -20.57   0.000    -.5193153   -.4289419
     annuity    -.0002853    .000065    -4.39   0.000    -.0004126    -.000158
alternative   
                                                                              
      chosen        Coef.   Std. Err.      z    P>|z|     [95% Conf. Interval]
                                                                              

Log likelihood = -9015.7491                       Prob > chi2     =     0.0000
                                                  Wald chi2(37)   =    1798.79

                                                              max =          8
                                                              avg =        8.0
Alternative variable: alternative              Alts per case: min =          8

Case variable: id                              Number of cases    =       8083
Alternative-specific conditional logit         Number of obs      =      64664
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Finally, the decision for an electric heat pump + solar system is influenced heavily (and in a 

positive manner) by the attitude of the household towards environmental friendliness 

(EcoFriendly). Moreover, as for the heat pump without solar thermal support, a high 

importance of maintenance effort (Maintenance) lowers the probability of buying such a 

heating system. The existence of a panel heating system again favours the decision for a 

heat pump + solar system, as both fit well from a technical point of view and the total 

investment is reduced considerably if a panel heating system is already installed. 

In conclusion, a first qualitative examination shows the estimated model to be quite 

reasonable. The algebraic sign of the model parameters and the strength of the influence of 

most parameters can be justified by consideration of the nature of the respective heating 

system. 

6.1.2 Analysing the marginal effects 

Calculating the marginal effects can give more quantitative understanding of the estimated 

model, therefore the marginal effects are shown in Table 14. For each technology and 

alternative-specific variable, eight values are now given, one of which is negative. The values 

now reflect the quantitative influence of a change of one unit of  the respective independent 

variable on the probability to chose the respective technology. The values in the first first 

column therefore mean that an increase of the annuity of the fuel oil heating system by 1000 

Euros decreases the probability of choosing a fuel oil boiler by 2.9%. At the same time, the 

increase of the fuel oil annuity increases the probability of chosing a natural gas heating 

system by 2.3%. Obviously the decrease in probability for choosing one technology and the 

increase of the probability for choosing other technologies have to sum up to zero. So, if the 

costs of a fuel oil boiler increase, the main profiteer is the natural gas heating system. 

An increase of the annuity of the natural gas heating system has a stronger influence – a 

hypothetical 1000 Euro increase would lower the choice probability by 6% - mainly in favour 

of the fuel oil boiler and the natural gas + solar heating system. In contrast, for the wood 

pellet, the fuel oil + solar, the wood pellet + solar and the heat pump + solar heating systems, 

the influence of an increase of the annuity of the costs is very low (below 1%). For natural 

gas + solar, the influence of the annuity is in the range of the fuel oil boiler, while for the heat 

pump system, the influence is about 1.2%. 
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Table 14: Marginal effects of the different model parameters 

variable  Fuel oil  Natural gas Wood pellets Heat pump Fuel oil + solar Natural  gas +
solar 

Wood  pellets  + 
solar 

Heat  pump  + 
solar 

annuity   
Fuel_oil  ‐2.9%***  2.3%*** 0.032%*** 0.14%*** 0.067%*** 0.34%*** 0.013%*** 0.011%*** 
Natural_gas  2.3%***  ‐6%*** 0.19%*** 0.86%*** 0.4%*** 2%*** 0.077%*** 0.065%*** 
Wood_pellets  0.032%***  0.19%*** ‐0.27%*** 0.012%*** 0.0056%*** 0.028%*** 0.0011%*** 0.0009%*** 
Heat_pump  0.14%***  0.86%*** 0.012%*** ‐1.2%*** 0.025%*** 0.13%*** 0.0047%*** 0.004%*** 
Fuel_oil_solar  0.067%***  0.4%*** 0.0056%*** 0.025%*** ‐0.56%*** 0.059%*** 0.0022%*** 0.0019%*** 
Natural_gas_solar 0.34%***  2%*** 0.028%*** 0.13%*** 0.059%*** ‐2.6%*** 0.011%*** 0.0095%*** 
Wood_pellets_solar 0.013%***  0.077%*** 0.0011%*** 0.0047%*** 0.0022%*** 0.011%*** ‐0.11%*** 0.00036%*** 
Heat_pump_solar 0.011%***  0.065%*** 0.0009%*** 0.004%*** 0.0019%*** 0.0095%*** 0.00036%*** ‐0.092%*** 

InvPerInc   
Fuel_oil  ‐4.8941%***  3.8833%*** 0.0539%*** 0.2391%*** 0.1114%*** 0.5671%*** 0.0213%*** 0.018%*** 
Natural_gas  3.8833%***  ‐9.9428%*** 0.3229%*** 1.4333%*** 0.668%*** 3.3998%*** 0.1277%*** 0.1078%*** 
Wood_pellets  0.0539%***  0.3229%*** ‐0.4563%*** 0.0199%*** 0.0093%*** 0.0472%*** 0.0018%*** 0.0015%*** 
Heat_pump  0.2391%***  1.4333%*** 0.0199%*** ‐1.9572%*** 0.0411%*** 0.2093%*** 0.0079%*** 0.0066%*** 
Fuel_oil_solar  0.1114%***  0.668%*** 0.0093%*** 0.0411%*** ‐0.9342%*** 0.0976%*** 0.0037%*** 0.0031%*** 
Natural_gas_solar 0.5671%***  3.3998%*** 0.0472%*** 0.2093%*** 0.0976%*** ‐4.3553%*** 0.0187%*** 0.0157%*** 
Wood_pellets_solar 0.0213%***  0.1277%*** 0.0018%*** 0.0079%*** 0.0037%*** 0.0187%*** ‐0.1816%*** 0.00059%*** 
Heat_pump_solar 0.018%***  0.1078%*** 0.0015%*** 0.0066%*** 0.0031%*** 0.0157%*** 0.00059%*** ‐0.1533%*** 

casevars   
EcoFriendly+  ‐3.759%***  ‐4.9304%*** 0.856%*** 0.5387% 2.1854%*** 4.1597%*** 0.4588%*** 0.4908%*** 
SmallVillage+  15.3963%***  ‐16.4088%*** 0.9126%*** ‐1.0925%*** 1.7272%*** ‐0.929% 0.0246% 0.3695%*** 
Space+  0.0897%  ‐6.6102%*** ‐1.2906%*** 2.078%*** ‐0.0152% 5.6558%*** ‐0.4212%*** 0.5137%*** 
Maintenance+  6.2787%***  2.6315%* ‐1.0552%*** ‐4.4809%*** 1.392%*** ‐3.0458%*** ‐0.7678%*** ‐0.9526%*** 
PanelHeating+  ‐6.1613%***  ‐1.6007% 1.1073%*** 1.8637%*** ‐0.7514%** 4.5777%*** 0.318%* 0.6467%*** 

 

* significant at a 10%-level, ** significant at a 5%-level, *** significant at a 1%-level 
+ dp/dx is for discrete change of indicator variable from 0 to 1 
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The marginal effects of the ratio of investment costs and monthly household income (variable 

InvPerInc) are not so easy to interpret, as the variable is more complex than the annuity. For 

the fuel oil heating system, an increase of 1 unit of the variable (which equals an increase of 

the investment of one monthly household income, so approximately a few 1000 Euros) 

reduces the probability of buying the respective system by about 4.9%. Again, the main 

profiteer is the natural gas heating system. The influence of the independent variable 

InvPerInc is indeed quite similar to the variable annuity. The influence of the variable on fuel 

oil, natural gas and natural gas + solar heating systems is quite high; the influence on the 

heat pump system is medium and the influence on the other heating systems low. With 

regard to the statistical significance of the calculated marginal effects, all values are 

statistically significant at a 1%-level. 

Analysing the decider-specific variables in the third block is straightforward, as all are binary 

dummy variables. Thus, the calculated marginal effect is the gain (or loss) in choice 

probability, if the variable switches from 0 to 1 (or is 0 for one household and 1 for another 

household, all other variables remaining equal). For these variables the values in one row 

sum up to zero: If the variable switches from 0 to 1 for a decider, the choice probabilities of 

some technologies decrease, while the choice probabilities of others increase. 

If a decider considers environmental friendliness (EcoFriendly) important in the investment 

decision, this reduces the probability of choosing a fuel oil boiler by 3.7% and of choosing a 

natural gas boiler by 4.9%. The profiteers of this decrease are the natural gas + solar 

(increase by 4.2%), the fuel oil + solar (increase by 2.2%) and, to a less extent, the other 

heating systems. Comparing this variable with the cost-related variables discussed above 

(annuity and InvPerInc) can give information about the willingness-to-pay (WTP) of the 

deciders: Considering environmental friendliness an important criterion has roughly the same 

implications as if the annuity of the cost of the fuel oil and the natural gas heating systems 

was 1000 Euros higher or the total investment was increased by a monthly household 

income (so that InvPerInc increases by one unit).  

Living in a village with less than 5000 inhabitants reduces the probability of choosing a 

natural gas heating system (by 16.4%!), a heat pump (by 1.1%) and a natural gas + solar 

heating system (by 0.9%). The standard heating system in areas where gas is not available – 

the fuel oil boiler – benefits most from this decrease (increase by 15.4%). This effect is 

extreme and at the same time shows the degree of reality of the estimated parameters. 

If analysing variable Space (“Space requirement is important”), the results are surprising: 

Considering the space requirement of a heating system important decreases the probability 

of buying a natural gas heating system (one would expect the opposite) and mainly favours 

the choice of a natural gas + solar heating system. The effects of fuel oil and fuel oil + solar 

(both systems with large space requirements) are not statistically significant, while the effects 
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on the probability of the wood pellet systems (with large space requirements as well) are 

negative, however, only slightly. These results are not in line with the heavy influence 

predicted in section 6.1.1. An explanation is the fact that the choice probability of the wood 

pellet systems is generally very low, so that a change of the variable from 0 to 1 can’t reduce 

the probability much (in this case, calculating elasticities would make things clearer). 

Analysing the importance of maintenance effort (Maintenance), this variable influences heat 

pump and natural gas + solar systems negatively (reduction of choice probability by 4.5% 

and 3%, respectively). The main profiteers are the conventional heating systems fuel oil and 

natural gas (increase by 6.3% and 3.6%, respectively). The influence of this variable on the 

wood pellet systems (which were expected to be most heavily influenced) is again low, for 

the reasons explained above. 

Finally, having a panel heating system installed (PanelHeating) significantly reduces the 

probability of choosing a fuel oil boiler. In contrast, the probability of selecting a natural gas + 

solar or a heat pump heating system increases. In the case of the heat pump, this is a cost-

induced advantage (if a panel heating system is already installed, the installation costs of a 

heat pump system are smaller). A good explanation for the increase of the natural gas + 

solar probability is the fact that both natural gas + solar systems as well as panel heating 

systems are installed frequently in new buildings.  

6.2 The market development until 2025 - diffusion of innovations 

Using the model framework presented in chapters 3 and 4, an analysis of the model results 

with respect to the development of the German space heating market until the year 2025 can 

be performed. The model assumes that decision criteria as well as the attitude of deciders 

towards the importance of the included heating system properties remains the same over the 

modelling period. 

First, the fuel price development of the scenario is shown in Figure 37 as described in 3.3.2. 

The historic development is shown together with the modelled future development from 2010 

to 2025. Recall that the fuel oil price increases by 2.1%/year, the heating electricity price 

increases proportionally and the natural gas price increases much more slowly than fuel oil 

(which leads to an intersection of the price paths so that natural gas is cheaper than fuel oil 

in 2025). This is consistent with IER (2010), which assume a much higher increase rate of 

fuel oil prices compared to the rate of natural gas price increase. 

The price for wood pellets is very low only at the beginning of the modelling period. With 

increasing demand for wood pellets, it increases as well. After having passed the initial step 

of the cost-resource curve (see Figure 11), the price increases very slowly.  
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Figure 37: Scenario of fuel price development 

6.2.1 Technological development – one selected fuel price scenario 

Figure 38 shows the development of the shares of the respective heating technologies in 

existing buildings: The share of fuel oil heating systems decreases sharply from about 25% 

in 2009 to 12% in 2025 and the share of natural gas systems (without solar thermal support) 

decreases from 50% to 45%. As an additional 7.1% of all technologies in 2025 are natural 

gas + solar systems, the share of gas-driven systems increases slightly over the coming 

years. The main profiteer from the strong decrease in fuel oil systems is the electric heat 

pump: Here, a true boom is predicted, where heat pumps increase from 1.3% in 2009 to 

nearly 15% in 2025. Heat pump systems combined with solar thermal panels have another 

4.2% of market share in 2025. Wood pellet systems remain on a low level, but increase 

steadily from a 0.5% market share in 2009 to 1.4% in 2025; pellet boiler solar combinations 

have another 0.75%. The impacts of the exogenously simulated technologies district heating, 

electric resistance heating as well as individual stoves are visible in the dark orange and red 

parts of the bars in Figure 38: District heating increases slightly from 9.8% to 10.6%, electric 

resistance heating systems phase out slowly (decrease from 5.7% to 1.7%), and individual 

stoves disappear by 2020. 
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Figure 38: Development of the heating system stock in existing buildings until 2025 

 

 

 

Figure 39: Newly bought heating systems from 2010 to 2025 (without district heating) 

Figure 39 shows the number of annually sold heating systems. In this graph it is visible that 

the number of installed heating systems is not equal in every single year, as this number is a 

result of the mortality curves presented in section 4.2.2. Generally the number is relatively 

high in the 10 years to come and thereafter decreases as the wave of replacement of the 

boilers installed in the early 1990s after the German reunification subsides. This effect can 

be seen in detail also in Figure 42. At the beginning of the modelling period, natural gas 
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condensing boiler systems have the largest market share while the second largest market 

share belongs to the electric heat pump systems. At the end of the modelling period in the 

year 2025, the situation is expected to have turned and the market shares of the electric heat 

pumps will be highest. This is induced by heavily implemented learning effects, which will be 

shown in section 6.2.4. After the heat pump, fuel oil condensing boilers and gas + solar 

systems both have a market share of slightly above 10%. With regard to the wood pellet 

systems, it becomes clear that they remain a niche technology: The share of pellet boilers 

(pellet systems with and without solar thermal panels) is forecast to remain slightly below 

5%. This result is in line with the prognosis of BRG (2007a) who consider an increase of the 

number of yearly sold wood pellet heating systems as improbable. At last, as already shown 

in Figure 38, the system heat pump + solar has a high (and increasing) popularity. 

Figure 40 shows the situation in the sub-segment of newly constructed buildings. The 

situation here is different, as heating systems without a minimum share of renewables are no 

longer permitted (see section 4.1.2) and the heating energy consumption of new buildings is 

lower than that of existing buildings. Therefore the standard system in the sub-segment of 

existing buildings (the natural gas boiler) is not available in the segment of newly constructed 

buildings. As Figure 40 clearly shows, the new standard system is the electric heat pump, 

which (together with heat pump + solar systems) reaches a market share of 70% in this sub-

segment. This is partly due to the non-availability of natural gas in some cases (assumption: 

80% availability). Thus, the gas + solar system is not included in the choice set of 20% of the 

deciders. 

Moreover, the German EEWärmeG (the renewable heat law) allows for compensatory 

actions (instead of fulfilling the obligation of use, see section 4.1.2), which are used widely 

(according to Ziller (2010) they are used in 32% of all buildings constructed newly in 2009). 

So, in reality the installation numbers of natural gas heating systems (without solar thermal) 

is larger than zero. However, as energy efficiency is not included as an endogenous variable, 

this effect can’t be reproduced by the model. 

Finally, in Figure 41 the market shares of the heating technologies in all buildings (existing 

and newly constructed) are shown. The figure is quite similar to Figure 38, as the market is 

dominated by existing buildings (it represents more than 80% of the market).  
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Figure 40: Technologies of heating systems in buildings newly constructed after 2010 

 

 

Figure 41: Shares of the different technologies in the heating system stock 

This figure also includes the distinction of fuel oil and natural gas low temperature (LT) 

boilers and condensing boilers, so that this substitution process is visible as well: The share 

of LT boilers at the end of the modelling period is about 17%, while condensing boilers (oil 

and gas) have a share of 37%. In the total market, the share of district heating increases 

slightly from 9.9% to 10.4%. As expected, heat pump systems are the winners in the total 

market as well: Their share increases from 1.3% to 16.6% (or 21% if heat pump + solar 

systems are included). This is mainly at the cost of fuel oil based systems: If fuel oil + solar 

heating systems are included, the total share of fuel oil based systems decreases from 
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25.6% to 14.8%. However, heat pump systems also benefit from old individual stoves and 

the partial phase-out of electric resistance heating systems. The share of natural gas based 

systems remains quite constant and decreases only slightly from 50.6% to 49%.  

Wood pellet boiler based systems achieve a steady growth on a low level: The market share 

increases from 0.6% today to 2.3% in 2025. This equals a number of about 600,000 installed 

wood pellets boilers in 2025, an annual selling of about 40,000 boilers. In comparison: Sales 

figures of recent years have been between 20,000 and 30,000 boilers. 

6.2.2 Technological development – Monte Carlo simulation 

As the future fuel price development is uncertain, it is interesting also to take a look at what 

could happen, if fuel prices develop differently than assumed in the scenario described 

above. For this purpose, a random walk methodology had been developed in section 3.3.2. 

In order to obtain stable results, 10,000 model runs have been performed, each with a 

different random walk fuel price scenario. The first results shown in Figure 42 give a first 

impression of the random elements and the model dynamics: In addition to the fuel price, the 

points in time at which existing boilers reach the end of their life and go out of the system are 

random, as they follow the mortality curves presented in section 4.2. A box plot is used to 

display the results. The box plot tries to reduce the information contained in the distribution of 

the market shares to the most important properties. Here the red horizontal line marks the 

median, the edges of the blue box mark the 25th and 75th percentiles (q1 and q3) and the 

whiskers include all other values up to a length of 1.5 times the box extension. Values larger 

than q3+1.5*(q3-q1) and smaller than q1-1.5(q3-q1) are marked as outliers. If the data is 

normally distributed, this corresponds to 99.3% of all data points lying inside the whiskers. 

Figure 42 shows generally increasing numbers of replaced heating systems until 2019. From 

the year 2020 on the numbers are considerably lower. This can be ascribed to the 

assumptions of linearly disappearing individual stoves until 2020 made in section 4.2.4. The 

increase until 2019 is due to vintage stock effects: The replacement need of the stock of 

installed boilers (presented in Figure 24) shows a maximum around the year 2020, when the 

wave of boilers installed after the German reunification subsides as the boilers reach the end 

of their lifetime. 
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Figure 42: Box plot of number of replaced heating systems 

 

 

 

Figure 43: Box plot of the shares of the different technologies in buildings constructed from 

2010 to 2025 for random price development paths 
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The distributions of the market shares of different technologies in newly constructed buildings 

are shown in Figure 43, again in form of a box plot. It is visible that the model results in this 

segment are generally quite stable: Even in the most extreme fuel price scenarios, the 

market share of each technology doesn’t deviate much more than 5%-points from the 

median. This can be ascribed to the low influence of fuel costs in newly constructed buildings 

as the heating energy consumption (because of regulation) is very low in this segment. The 

values for fuel oil and natural gas (without solar thermal support) are zero. This is because of 

the EEWärmeG (the renewable heating law), which doesn’t allow systems solely based on 

fossil fuels in new buildings. The predominant heating system in new buildings is the electric 

heat pump – as we have seen in the scenario graphs above already. This technology 

reaches about 56% of market share, or even more than 70% if the second strongest choice 

(heat pump + solar) is added. Thereafter, the share of the natural gas + solar choice with 

11±1% lies considerably higher than the fuel oil + solar systems (about 5-6%). Wood pellet 

systems with and without solar thermal collectors reach a small market share of 2% and 3%, 

respectively. As district heating is exogenous to the model, the market shares are not shown 

here. 

Figure 44 shows the shares of the installed systems in 2025 in the whole market (existing 

and new buildings), where stock effects change the picture. Again, the results are very stable 

and the variations in different fuel price scenarios are quite limited. Only some extreme fuel 

price scenarios lead to significantly deviating market shares. The dominating technology is 

the natural gas boiler, which looses only a few percentage points in comparison to today’s 

share. In contrast, the share of installed fuel oil systems decreases strongly. As in the 

scenario already analysed, the main profiteers are heat pump based systems, however, 

natural gas + solar systems also have an important share of slightly less than 10% in 2025. 

Again the share of wood pellet systems remains low. However, in some extreme fuel price 

scenarios they can benefit from high fossil fuel prices, as the wood pellet price is not directly 

affected by increasing prices of fossil fuels. In this case, wood pellet boilers act like a 

backstop technology. 

In the last column, the share of “renewables” is shown. The share is calculated by taking the 

current share of renewables from BMU (2011) for the year 2009 and adding to / subtracting 

from this value according to the choices made in the modelling period (difference between 

the old and the new boiler technology). Here, the shares of solar thermal energy, the energy 

delivered by wood pellets as well as 50% of the energy delivered by electric heat pumps and 

80% of the district heating are considered as renewable. In the vast majority of fuel price 

scenarios, this value is between 25% and 30%. Analysing the distribution shows that there is 

a tendency towards higher values (values above the 75th percentile occur much more 

frequently than values below the 25th percentile). This is caused by higher shares of heat  
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Figure 44: Box plot of the shares of the different technologies (number of installed systems) in 

the year 2025 for different fuel price development paths 

pumps and wood pellet systems in some extreme scenarios – we can see the same structure 

of the distribution for them. In contrast, the distribution of fuel oil heating systems is left 

skewed (towards lower values). So in fuel price scenarios with extremely high fuel prices, the 

number of decisions in favour of fuel oil systems is decreased while wood pellet and heat 

pump systems benefit. 

6.2.3 Development of fuel consumption and CO2 emissions 

From the previously presented results on technological development information about the 

development of the consumption of different fuel types can be calculated. The consumption 

of fuel oil, natural gas, wood pellets as well as electricity in the heating market is shown in 

Figure 45. The values are shown as normalised values, where the respective 2009 values 

were chosen as basis for normalisation. In the figure, it is visible that the yearly consumption 

of fuel oil decreases dramatically in the coming years to between 30% and 50% of today’s 

consumption. The consumption of natural gas in the heating market decreases only slightly, 

by 4% (mean value). Wood pellet consumption has a mean 6fold increase (a minimum of 

4fold and a maximum of 24fold), while electricity consumption in the heating market 

increases by between 80% and 170% until 2025. Note that, in the latter case, there are two 

competing effects: the decrease of the number of installed electric resistance heating 

systems and the increase in installed electric heat pumps.  
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Figure 45: Normalised yearly 2025 fuel consumption [2009=100]. 

Using carbon-intensity information about the different used fuels from FfE (2011) as well as 

the efficiency assumptions given in section 3.2, the development of total CO2 emissions can 

be calculated from the model results. Moreover, as discussed briefly in section 3.1, the CO2 

intensity of electricity decreases in the coming years because of an increasing share of 

renewables in the electricity market. 

 Again, first the development of the CO2 emissions for the fuel price scenario described 

above is shown. Figure 46 shows this development together with the development of total 

living space, total final energy consumption in the heating market and final energy 

consumption per m² living space. All values are normalised in relation to the initial 2009 

value. Because of newly constructed buildings every year, the total living space increases 

more or less linearly from 2009 to 2025. The final energy consumption, however, decreases, 

because of measures of insulation (which are exogenous to the model). Because of 

increasing total living space, the specific (per m² living space) final energy consumption 

decreases in an even more pronounced way. The total yearly CO2 emissions decrease as 

well, with the sharpest decrease. This is because of the several factors: firstly, the 

exogenously given efficiency increase (an average of 20% reduction of heating energy 

demand if the heating system is replaced); secondly, the trend towards low-emission 

technologies, e.g. the replacement of old natural gas boilers by modern efficient natural gas 

condensing boilers; thirdly, the decrease in CO2 intensity of electricity plays an important 

role. Under the presented assumptions, the CO2 emissions of heat pump systems are 

already today 38% lower than that of natural gas condensing boilers and 54% lower than that  
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Figure 46: Development of end living space, energy consumption and CO2 emissions 

of fuel oil condensing boilers. In total, the result is that the emissions are reduced to less than 

75% of the initial 2009 value. 

Having a look at the dependency of this value on the fuel price development, Figure 47 

shows the results of the Monte Carlo analysis in form of a box plot with the development of 

the specific CO2 emissions (per kWh final energy consumption) from 2009 to 2025. The 

specific CO2 emissions are selected as an indicator, as they show the only effects which can 

be allocated to the technological development. Total CO2 emissions, in contrast, are also 

influenced by the increase in total living space and the energy efficiency gain exogenous to 

the model. Starting from the initial value of 277 g CO2/kWh final energy the path decreases 

with again relatively narrow margins to around 215 g/kWh in 2025. This is a decrease of 

23%. The right skewed distribution of the share of renewables seen in the previous figure 

here results in a left skewed distribution towards lower specific CO2 values. In the most 

extreme fuel price scenarios, the specific CO2 emissions decrease to less than 190 g/kWh for 

one and 225 g/kWh for the other extreme. It is also visible that the curve bends downwards, 

which can be ascribed to the decreasing CO2 intensity of electricity: The CO2 intensity of 

existing electricity based systems decreases “automatically”. 
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Figure 47: Specific CO2 emissions per kWh produced heating energy 

6.2.4 Development of costs 

Questioning for the exact reasons for the enormous increase in heat pump sales figures 

leads to an observation of the development of the costs of the different heating technologies. 

In the interpretation of the results, special attention has to be paid to the assumed learning 

rates (see section 3.3.3), which have already been identified as key assumptions in the 

model specification. 

The development of the investment costs of a typical electric heat pump and a typical wood 

pellet system are shown in Figure 48 and Figure 49, respectively. In both cases, a 

considerable reduction of the investment costs is reached, due to learning effects. However, 

when both are compared, the decrease of the heat pump costs is much more extreme than 

that of wood pellet systems and – moreover – after relatively high variance in the first years 

always reaches the floor costs given by the learning system assumptions. Recall that the 

floor costs are given by the cost of a fuel oil boiler plus some additional components 

necessary for the heat pump, for which no learning is assumed (see above). In total, the heat 

pump reaches a reduction of costs of nearly 50% by 2020.  

In contrast, the wood pellet system costs are reduced only by 14% by 2025 (if the median is 

considered), moreover the variance is significantly higher (the reasons why the distribution is 

left-skewed are the same as given above). By the end of the modelling period, the overall 

cost of the heat pump system is less than that of the wood pellet system. 
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Figure 48: Development of the investment costs of a typical heat pump system in an existing 

building 

 

 

Figure 49: Development of the investment costs of a typical wood pellet system in an existing 

building 
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Finally, the annuity of the total costs (investment and fuel costs) of wood pellets and heat 

pump systems (visible in Figure 50 and Figure 51) are compared. In Figure 50 it is visible 

that in the case of the heat pumps the learning effect (decreasing investment costs) exceeds 

the effect of generally increasing fuel prices (remember the drift in the random walk). The 

median of the annuity decreases considerably from more than 3400 Euros/a to 2400 

Euros/a. In extreme fuel price scenarios the annuity increases (shown by the number of 

outliers).  

For wood pellets, the development looks quite different. Firstly, the steep decrease from 

2010 to 2011 catches attention: This is due to the modelled wood pellet price, which is (at 

current wood pellet demand) significantly lower than real wood pellet prices of the past years 

(visible also in Figure 37). In the first year, the real fuel price values are used, while on the 

way to the second year the model switches to the fundamental modelling of the wood pellet 

price (section 3.3.2). After this initial decrease, the development interestingly shows a 

maximum around the year 2014. Until 2014 the annuity increases. After this year, the annuity 

decreases again. This behaviour can be explained by the competition between two effects: 

Increasing sales figures of wood pellet boilers on the one hand trigger learning effects 

(investment costs decrease). On the other hand, a higher number of wood pellet boilers also 

leads to higher wood pellet prices (as they are modelled fundamentally). Therefore, the 

annuity of the wood pellet heating systems remains in a relatively narrow range between 

2900 and 3000 Euros/a and not even in extreme fuel price scenarios does the annuity drop 

to values that can compete with the annuity of a heat pump system. 

 

Figure 50: Development of the annuity of a typical heat pump system in an existing building 
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Figure 51: Development of the annuity of a typical wood pellet system in an existing building 

6.3 Influence of policy measures on the market development 

6.3.1 Investment subsidies 

In Germany, subsidies have been used as a policy instrument in the heating market since 

2004. As they are subject to budget constraints, there has been an up-and-down (or better: 

an on-and-off) in the past. Currently (in the year 2011), there are subsidies for wood pellet 

boilers (2500 Euros), electric heat pumps (3000 Euros) and for solar thermal systems (1200 

Euros).17 Since an obligation of use of renewable systems is applied to newly constructed 

systems, subsidies are only paid for heating systems in existing buildings. For the model, the 

same assumptions (including the above mentioned values) have been made for the 

implemented subsidies. 

                                                 
17 The structure of the investment subsidies has become quite complicated in recent years. For all 
grants there are preconditions (like minimum efficiencies or the installation of buffer storage in the 
case of wood pellet boilers). Moreover, there are so-called bonuses (e.g. for the replacement of an old 
boiler). In the model the assumption was made that all preconditions for the grant as well as for all 
relevant bonuses are fulfilled in every case.  
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Figure 52: Difference of sales figures between a world without and a world with subsidies 

The differences of the sales figures of the different technologies are shown in Figure 52. As 

the subsidies are only applied to the segment of existing buildings, the differences arise from 

this segment. Over the whole modelling period (2010-2025), about 1 million fewer natural 

gas boilers and 350,000 fewer fuel oil boilers would be sold, than if there were no subsidies. 

This means that annual sales figures of natural gas and fuel oil boilers would be reduced by 

roughly 65,000 and 25,000, respectively. Instead, the deciders would buy more electric heat 

pumps (about 900,000 without solar thermal support and another 450,000 with solar thermal 

support) and wood pellet boilers (70,000 with and 40,000 without solar thermal support). It is 

quite interesting to see that the deciders favour heat pump or wood pellet based systems in 

comparison with fuel oil and natural gas based systems with solar thermal support, although 

the latter also benefit from the subsidy for solar thermal systems. In the majority of scenarios 

the number of fuel oil + solar and natural gas + solar systems sold is lower in the world with 

subsidies than in the world without subsidies. The reason can be found in the amount of 

subsidies paid: In the case of wood pellet or heat pump systems the high subsidy apparently 

leads to a significant effect on the economic viability while the subsidies for solar thermal 

systems are too low to significantly affect their economic viability. In consequence, according 

to the model results, the subsidies for solar thermal systems in combination with a fuel oil or 

gas boiler are economic nonsense. All buyers of such systems can be regarded as free-

riders that would have bought the same heating system (or a different subsidised system) if 

no subsidies for solar thermal panels had existed.  
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Figure 53: Market shares of the different technologies in 2025 when subsidies are applied 

The effects of the subsidies on the total heating system stock (existing as well as newly 

constructed buildings) are shown in Figure 53. According to this figure, the effects of 15 

years of investment subsidies are limited but visible: The market share of fuel oil systems is 

about 1.2%-points lower, the market share of natural gas-only systems is 4% lower. In the 

most extreme scenario, the latter falls below 35%. On the winner side, mainly electric heat 

pumps (with and without solar thermal support) and, to a small extent, wood pellet boilers 

can be found. The effect that oil + solar and gas + solar systems have a lower market share 

in a world with subsidies, compared to a world without, has already been discovered and 

explained above.  

The results are interesting as they show that the subsidies are not optimal from a CO2 

emission reduction point of view. An efficient policy instrument should focus on replacing fuel 

oil heating systems rather than natural gas systems which still are a low-carbon solution. 

In a subsequent step, the macroeconomic costs are calculated. For this purpose, the 

differences in investment costs (including government subsidies) as well as the difference in 

fuel costs have been added over the modelling period. The macroeconomic costs depend 

strongly on the fuel price development. Moreover, an assumption for the fuel price 

development after 2025 is necessary in addition to the modelled development until 2025, as 

the (expected) life time of the heating systems is larger than the 15 years of the modelling 

horizon. Not taking the savings of fuel costs after 2025 into account would severely 

discriminate the subsidised technologies (as they all rely on the principle of a higher 
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investment in favour of lower operational costs). The assumption was made that from 2025 

on, fuel prices increase with the rates given in  IER (2010), which were already mentioned 

above: a 2.1% yearly increase of fuel oil prices, 1.1% for natural gas, equally 1.1% for wood 

pellets and 0.4% for heating electricity.  

The results can be seen together with the difference in CO2 emissions of the two worlds in 

Figure 54. The difference in CO2 emissions in the vast majority of scenarios lies between 160 

and 210 million t of CO2. This value is calculated by cumulating the actual difference of CO2 

emissions over the modelling period and adding the future CO2 savings that occur after 2025 

but are caused by decisions made in the modelling period (i.e. lie in the lifetime of the boilers 

which is assumed to be 20 years). Moreover, the calculation requires defining the future 

development of the CO2 intensity of electricity (used in heat pumps) after 2025, which is 

assumed to decrease by 3% per year from the 2025 value presented in section 3.1 (384 g 

CO2/kWh). The cumulative savings can be compared to total annual CO2 emissions of about 

200 million t per year. 

The macroeconomic costs are given in form of a net present value (NPV) of all occurring 

cash flows. While costs for the paid government grants are in a narrow range of around 5 

billion Euros2010, the macroeconomic costs depend heavily on the fuel price development 

(remember the random walk modelling of fuel prices). If fuel prices increase after households 

have decided for innovative technologies with low fuel costs, a macroeconomic benefit can 

be generated. If the opposite happens, macroeconomic costs arise. The distribution of the 

macroeconomic costs is heavily left-skewed (towards low values); scenarios with extremely 

high fuel prices produce extremely high macroeconomic benefits (up to 40 billion Euros2010). 

In the other extreme, macroeconomic costs go up to 15 billion Euros2010. The distribution is 

shown in Figure 54.  

From the values shown in Figure 54, the CO2 mitigation cost can be calculated. These are 

shown in Figure 55. The costs show a very broad variance, as the macroeconomic costs do. 

There is a 25% probability of negative CO2 mitigation costs (i.e. mitigation of CO2 which is 

coupled to macroeconomic benefits), however, the majority of fuel price scenarios shows 

positive costs between zero and 75 Euros/t CO2. The median value lies at about 26 Euros/t 

CO2, the mean value at about 13 Euros/t CO2, which is in the range of other mitigation 

options, e.g. in the electricity market.  

If there were no free-riders, the mitigation costs could be reduced further: The subsidy is paid 

to all households that buy a subsidised heating system. However, the majority of households 

would have bought the same heating system if there were no subsidies. Paying the subsidies 

only to owners of a fuel oil heating system instead of to everybody, could lower the amount of 

paid subsidies significantly. However, on the other hand the potential of replacing fuel oil 

heating systems is restricted. 
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Figure 54: Difference in CO2 emissions and macroeconomic costs between a world without 

subsidies and a world with the described subsidies 

 

Figure 55: CO2 mitigation cost if investment subsidies are applied 
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change rates, an obligation of use of renewable based systems has been under discussion 

(and has been implemented in the federal state of Baden-Württemberg) for the segment of 

existing buildings as well. Therefore, an obligation of use of a certain renewable share for the 

existing buildings is applied to the model in order to evaluate the impacts on the 

technological development and the macroeconomic costs. The details of the obligation of use 

are assumed as they are now in the state of Baden-Württemberg (see section 4.1.2). In 

reality, renewable obligations are a quite restrictive policy measure. Unlike subsidies, they do 

not give incentives to the deciders but leave the decision to them. Rather they simply restrict 

the number of eligible alternatives. Because of individual site conditions, renewable 

obligations in reality cannot be applied without allowing for exceptions in certain cases. 

Therefore, the compliance rate of such a measure will be significantly below 100%. In the 

model, for reasons of simplicity and in order to show the impacts of a strong policy measure, 

100% compliance is assumed. 

The differences in the sales figures of the different technologies are shown in Figure 56. In 

the segment of newly constructed buildings, there is no difference, as there is already an 

obligation of use. The differences therefore again can be ascribed in 100% of cases to the 

segment of existing buildings. Over the whole modelling period (2010-2025), about 6 million 

natural gas boilers and 1.7 million fuel oil boilers are sold, if there is no obligation of use. If 

there is an obligation of use, the number of fuel oil and natural gas boilers sold is zero. 

Instead, the deciders buy more electric heat pumps (about 3 million without solar thermal 
 

 

Figure 56: Difference of sales figures in a world without and in a world with renewable 

obligations 
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support and another 700,000 with solar thermal support), gas + solar systems (2.3 million), 

fuel oil + solar systems (about 800,000) and wood pellet boilers (300,000 without and 

160,000 with solar thermal support). 

Figure 57 shows the market shares of the technologies in 2025 if renewable obligations are 

applied. The share of natural gas heating systems would decrease considerably in the 15 

modelling years, however, gas boilers are still the second most important technology. This is 

due to the high stock effects in the heating market. The new market leader in this scenario is 

the electric heat pump, with a market share of about 30%. In general, the market diversity 

has increased; in 2025 there should be considerably more technology combinations with a 

significant market share than there are today. Wood pellet heating systems can benefit only 

marginally from the obligation of use, with a market share of between 2.2% and 6.5% (mean 

2.8%) they remain a niche technology.  

The last column at the right edge of the figure shows the resulting share of renewables in 

2025, which lies between 40% and 50%. This value is quite high considering the fact that 

electric heat pumps use electricity. However, they benefit from the increasing share of 

renewable energies in the electricity mix. Increasing the renewable share further would 

require policy makers to wait (so that the stock of heating systems can change further) while 

sustaining the obligation of use. Moreover, an increasing share of renewables in the 

electricity market or increasing obligatory shares of solar thermal use could lead to a further 

increase of the renewable shares in the heating market. 

 

Figure 57: Market shares of the different technologies in 2025 if renewable obligations are 

applied 
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Figure 58: Normalised yearly 2025 fuel consumption [2009=100] if renewable obligations are 

applied. 
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the values for investment subsidies. Again, the mean is significantly lower than the median, 

which underlines the left-skewedness of the distribution. 

 

Figure 59: Difference in CO2 emissions and macroeconomic costs between a world with and a 

world without obligation of use 

 

Figure 60: CO2 mitigation cost if renewable obligations are applied 
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6.4 Sensitivity analysis 

6.4.1 Wood pellet-friendly scenario 

One could argue that many model assumptions have been made in a way which favours 

electric heat pumps in comparison to wood pellet heating systems: The assumed efficiency 

of the heat pump is quite optimistic, the efficiency of the wood pellet boiler quite low. 

Moreover, the learning rate of the heat pump system is also assumed much higher than the 

learning rate of pellet boilers. Therefore, a scenario with the following assumptions has been 

calculated: 

 Learning rate of wood pellet boilers at 10% (as assumed in Kalt and Kranzl (2011))  

 Learning rate of electric heat pumps at 7% (this is crucial, as the heat pump is the most 

important competitor of wood pellet boilers) 

 Efficiency (seasonal performance factor) of electric heat pump 3.3 instead of 3.8 (as 

discussed in section 3.2.4) 

 Efficiency of wood pellet boiler equal 82% (as discussed in section 3.2.3) 

Figure 61 shows the market shares in the segment of newly constructed buildings. Although 

the market share of wood pellet heating systems is higher than in the reference scenario (5-

8% in comparison to 2.5-3% in the reference scenario), it still remains far beyond the electric 

heat pumps and even beyond gas + solar and oil + solar systems. It seems that wood pellets 

are not favoured for newly constructed buildings (at least in Germany), which can also be 

seen in the recent sales figures. Reasons for this have already been identified in section 6.1: 

Wood pellet boilers need considerably more space than electric heat pumps, as they need 

fuel storage. House owners, however, prefer to use the available space for other purposes 

than for storing fuel. Low-quality space within a building – as the basement used to be – is 

usually no longer available in a new building. 

In contrast to the small positive effects of the scenario assumptions on wood pellet systems 

the impacts of the more pessimistic assumptions with respect to the electric heat pump are 

clearly visible. The market share of heat pumps is roughly 15%-points below the reference 

value. These market shares largely go to combinations of fuel oil and natural gas boilers with 

solar thermal energy. 

The total market shares are visible in Figure 62. The situation of wood pellet heating systems 

is slightly better than in the reference scenario: The market share of wood pellet boilers with 

and without solar thermal support is 4.5% instead of 2.4%. In the most extreme scenario, 

they can reach up to a 16% market share, a value equal to the average market share of heat 

pumps (with and without solar thermal support). In the majority of the scenarios, however, 

the market share is lower than half of the market share of heat pump systems. 
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Figure 61: Market shares in new buildings for the sensitivity case 1: “Wood pellet friendly 

scenario” 

 

Figure 62: Total market shares for the sensitivity case 1: “Wood pellet friendly scenario” 
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Because of the assumed higher learning rate, the investment costs of a typical wood pellet 

system decrease from 19,000 to about 14,000 Euros (or even 13,000 in extreme fuel price 

scenarios) instead of decreasing to about only 16,000 in the reference scenario. The annuity 

of the wood pellet heating system shows the same behaviour as in Figure 51: The value 

increases until 2013 and thereafter decreases again. The only difference is that the curve is 

shifted to a lower level (by approximately 250 Euros) – in consequence of the higher 

assumed boiler efficiency and higher learning effects. Because of the two competing effects 

already described above (decreasing investment costs and increasing wood pellet costs) the 

overall effect is very limited even in the long term.  

With the assumptions made, the wood pellet system can only compete economically in high 

fuel oil price scenarios. However, the annuity is generally (in every scenario) significantly 

lower than the annuity of the heat pump systems. That heat pumps nevertheless have higher 

market shares than wood pellet boilers is explained by the decision model presented in 

section 6.1: The annuity has only a small influence on the utility of a heat pump.  

Specific CO2 emissions are not shown; they decrease to a mean of 221 g CO2/kWh, which 

interestingly is higher than in the reference scenario. The effect of reduced emissions caused 

by more wood pellet boilers is apparently outbalanced by the increase of CO2 emissions from 

electric heat pumps (caused by the lower assumed efficiency). 

The yearly fuel consumption in a wood pellet friendly scenario is shown in Figure 63. 

Compared to the reference scenario, fuel oil consumption in 2025 is nearly equal. Natural 

gas consumption increases slightly, because the market share of natural gas based systems 
 

 

Figure 63: Normalised yearly 2025 fuel consumption [2009=100] for the sensitivity case 1: 

“Wood pellet friendly scenario”. 
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increases as well (as a consequence of the lower market share of electric heat pumps). 

Electricity consumption in 2025 is lower than in the reference scenario; however, it still 

increases by a mean value of 65%, compared to 2009. Obviously, here wood pellet 

consumption increases steeply: The yearly consumption in 2025 is between eight and fifty 

times higher than in 2009 (mean: twelve). This is especially interesting when we recall Figure 

11, which shows the available resources in Germany. In extremely positive scenarios, wood 

pellet consumption in Germany will reach values near the resource limits. Although this is 

generally no problem, as fuel oil and natural gas are also imported from other countries, it 

has to be born in mind when we talk about security of supply and biomass as a domestic 

energy carrier. 

6.4.2 Scenario without technological learning 

The model results show that learning effects have a strong impact on the future development 

in the heating market. In order to isolate the learning effects, a scenario without learning is 

calculated. All learning rates are set to zero. 

Figure 64 shows the market shares of the different technologies in the segment of newly 

constructed buildings. Although electric heat pumps are again the most important 

technology, the distance to the second most important technology (gas + solar) is 

significantly smaller. Interestingly, the market share of wood pellet heating systems in this 

scenario is significantly higher than in the reference scenario (5.5% instead of 2.5%). It is just 

as high as in the “pellet friendly” scenario discussed above. Thereof the conclusion can be 

drawn that, from a relative point of view, technological learning is a disadvantage for wood 

pellet heating systems. Although their position relative to fuel oil and gas based systems is 

getting better through technological learning, other technologies (precisely the electric heat 

pump) can perform even better (or are better accepted by the consumers) and take the major 

part of the share, which is lost by the “old” technologies. 

In the segment of existing buildings (Figure 65), electric heat pumps are only one technology 

among many: In extreme fuel price scenarios there are even more wood pellet systems than 

heat pump systems. The innovative technology with the highest market share is natural gas 

+ solar. Wood pellet based systems again have a slightly higher market share than in the 

reference scenario. 

If both segments are added, it is visible that the total market is dominated by natural gas 

based systems in 2025 and just less than 20% of the energy consumed in the heating market 

is provided by the use of renewable energy sources (more than 30% in the reference 

scenario). The higher share of conventional systems also has impacts on the development of 

specific CO2 emissions: Instead of decreasing to 210 g/kWh final energy they remain at an 

average of 230 g/kWh.  
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Figure 64: Market shares in newly constructed buildings for the sensitivity case 2: “No 

technological learning” 

 

 

Figure 65: Market shares in existing buildings for the sensitivity case 2: “No technological 

learning” 
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6.4.3 Natural gas unavailable in new buildings 

In the years to come specific demand for heating energy (due to more severe insulation 

regulation) as well as specific demand for natural gas (due to higher conversion efficiencies 

and competing technologies) in growth areas will decrease further. This tendency strongly 

affects the economic viability of a gas distribution grid in those areas: Below a certain 

threshold value the specific natural gas demand is not sufficient to operate a gas distribution 

grid economically any more. Consequently, there is a certain probability that in the future a 

gas grid will no longer be available in growth areas. The effects of such a potential 

development are analysed in this sensitivity case, where the natural gas availability is set to 

0% for newly constructed buildings. It is again an extreme scenario, as a certain share of the 

construction of new buildings takes place in already developed areas (not in growth areas) or 

replaces demolished buildings, where potentially a connection to the natural gas grid is 

already existent. 

Figure 66 shows the results of the analysis, i.e. the market shares in newly constructed 

buildings. Not surprisingly, the market share lost by the gas + solar systems (from nearly 

11% to zero) increases the market share of the heat pump systems (from 56% to 64%). Oil + 

solar and wood pellet based systems can only benefit marginally.  

Yearly consumption of natural gas in this scenario is hardly (only 1%) lower than in the 

reference scenario, which is due to the extremely low heating energy demand in new 

buildings. 

 

Figure 66: Market shares in newly constructed buildings for the sensitivity case 3: “Natural gas 

unavailable in new buildings” 
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6.4.4 Rapid phase-out of electric resistance heating systems 

In a last scenario, the impacts of a (e.g. politically enforced) phase-out of all electric 

resistance heating systems until 2019 are analysed. For this purpose, electric resistance 

heating systems are assumed to go out of the market linearly with the last systems being 

phased-out in the year 2019.  

The impacts of this potential policy measure on the market shares are optically not 

discernable. Only in fuel consumption, which is shown in Figure 67 a small difference is 

visible. The yearly electricity consumption is approximately 10% lower in the sensitivity 

scenario than in the reference scenario, due to less electric resistance heating systems. 

The specific CO2 emissions decrease in a manner very similar to the reference scenario. The 

final value (for the year 2025) is equal to the reference scenario; only the first 10 model years 

show a small advantage (lower specific CO2 emissions) in the current scenario with rapid 

phase-out of the electric resistance heating systems. This only relatively small advantage 

can be explained by the fact that the disadvantage of electric resistance heating systems 

with respect to CO2 emissions is not very large. This is because these heating systems are 

assumed to be combined with individual stoves and consequently have low heating energy 

consumption (compare Figure 16 in section 4.1.3). If such a heating system is replaced, the 

increased comfort leads to rising heating energy consumption of the household. 

 

Figure 67: Normalised yearly 2025 fuel consumption [2009=100] for the sensitivity case 4: 

“Rapid phase-out of electric resistance heating systems”. 
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6.4.5 Summing up sensitivity 

The presented sensitivity calculations show that the model reacts sensitively to the assumed 

learning rates. Especially the high assumed learning rate for heat pumps is a main driver for 

their success in the model outcome. Moreover the sensitivity results show that the 

assumptions on learning rates for one technology also affect the other technologies. This is a 

result of the fact that costs are relative and has a special impact on the group of people who 

are inclined to using new technologies. For example, strong learning effects of heat pumps 

constitute a significant threat for the wood pellet technology, which looses more potential 

buyers if heat pumps continue to decrease in price more than the other technologies 

available as choice options.  

Because of its growing market share, the calculated CO2 emissions react quite sensitively to 

the efficiency of the electric heat pump (the seasonal performance factor) – here, policy 

should assure that efficiencies promised by manufacturers are verified under German 

conditions. 

The following results are robust across all sensitivity scenarios:  

 Even without technological learning heat pumps become market leader in the 

segment of newly constructed buildings and can increase their market share in the 

segment of existing buildings. If technological learning is implemented and prices 

decrease, heat pumps can reach a significant market share in the market of existing 

buildings, too. 

 Wood pellets can also increase their market share in both segments, however, on a 

much smaller scale than heat pumps. They remain a niche technology in Germany 

with less than about 5% market share.  

6.5 A critical view on the model and model results – further research 

needs 

Firstly, the presented model is a typical bottom-up model, with many typical bottom-up 

properties. One of those is the large number of assumptions, whereof some have a high 

influence on the final results. Ex-ante, however, it is not clear which properties are important 

and which influence the final results only marginally. Data collection for verifying the 

assumptions (and for keeping them up-to-date if one wants to use the model in the future) 

requires great effort. 

Secondly, the model results show that a large part of the model behaviour can be allocated 

to the statistical decision model. The goodness-of-fit of this model was acceptable, but could 

probably be improved further by using a larger data set. Moreover, in the decision model, the 

idea of modelling cost data has proven possible but has also shown its limitations: The 

influence of the costs of the heating systems is probably higher than the model estimation 
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outcome is pretending to show us. A reason for this is that there is partial collinearity 

between the exogenous model variables. The fact that people are averse to space 

consuming heating systems can also be interpreted as a consequence of the fact that space 

inside a building (or nearby) is costly. In this way, including the variable space requirement 

as an exogenous variable explains a share of the decision which also could be allocated to 

the cost of the respective choice option.  

However, as already discussed in the introduction to section 5, it is impossible for a 

researcher to collect the cost data of all competing alternatives – and it is probably not even 

done by the deciders (at least not in a detailed way). One way to overcome this problem 

would be to use stated preference data instead of revealed preference data. In a choice 

experiment, one could possibly gather data which could be used in order to answer this 

question.  

Data from a choice experiment would also enable the researcher to construct a purely cost-

based model. This would open the possibility to include an estimation of the impacts of the 

commercial introduction of new promising technologies like the gas heat pump and micro 

CHP to the heating market. On the other hand, further influence variables (like ecological 

friendliness of heating systems) cannot enter a purely cost-based model. So, its explanatory 

power would be restricted in this direction. 

Furthermore, the predicted “triumph” of the electric heat pump – irrespective of fuel price 

development – has to be regarded in the light of the modelling surrounding. In the model, 

there are no restrictions of the use of electric heat pumps. In reality, especially in the 

segment of existing buildings, the applicability of heat pumps is restricted. Geothermal heat 

pumps can generally provide heat also for existing buildings – but only if a geothermal heat 

source is available. As discussed in section 3.2.4, this can be a problem in densely 

populated areas. Moreover, as existing buildings are usually not insulated as well as new 

buildings, heat pumps in existing buildings will have to be operated with a higher supply 

temperature, which implies a lower efficiency. This is not considered in the model. However, 

as discussed above, higher costs in the model affect the decision probabilities only to a 

relatively small extent. 

In multi-family houses equipped with heating systems for every apartment the use of heat 

pumps would only be possible if a central heating system were installed, which would require 

a common decision of the owners of all apartments in the house as well as a high investment 

in the central piping infrastructure. The same applies to wood pellet boilers and fuel oil 

heating systems, in fact, to every heating system except the gas boiler. Considering this in 

the market model would lower the number of sold heat pump systems slightly. 

The triumph of the heat pump can be viewed critically also for another reason: The results of 

the decision model suppose that the influence of costs on the decision in favour of a heat 
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pump is generally fairly low. This is possibly a result of a fact already mentioned briefly in 

section 2.2.3: Early adopters tend to be the “rich and curious”. Although electric heat pumps 

have probably passed the early adopter phase, it is possible that among the participants of 

the survey there is a high share of rich and curious. This would imply that the weak influence 

of economic variables on the decision in favour of a heat pump is correct so far. However, it 

would also imply that this influence increases in the coming years because more and more 

middle class deciders will be involved. Generally this effect exists also for wood pellet boilers 

and solar thermal heating systems but appears to be strongest for heat pumps. 

Fourthly, the estimated parameters of the statistical model are static. This implies that 

households in the year 2025 make their decision based on the same preferences and with 

the same decision parameters as today. There is no development e.g. towards a higher 

willingness-to-pay for ecological benefit and no adjustment of the importance of criteria. This 

critical point is inherent to the applied modelling approach and cannot be overcome at all, as 

there is no way to quantify future decision criteria of households. The results show the 

development “as if the decision criteria remained the same for the next 15 years”. 

Fifthly, the total number of replaced boilers is quite high (about 900,000 per year) compared 

to actual sales numbers (about 700,000 boilers per year). As real mortality rates are applied, 

this is not an error, but a consequence of the assumptions made for the part of the mortality 

curves where data was no longer available (i.e. for the very old boilers in the market). This 

leads back to the question discussed in section 4.2.2. It seems that the (relative) mortality 

rates don’t stay at a high level (as one might guess) but actually decrease again. If the age of 

a boiler exceeds a certain limit, there is a high probability that the boiler will “live” for many 

more years. Explanations for this behaviour could be of technical nature, e.g. that there is a 

technology among fuel oil boilers which lasts longer than the majority of boilers. Another 

explanation could be the use pattern of boilers. If a heating system is used only sporadically 

(e.g. in a secondary or leisure residence), boilers can last longer because of fewer full load 

hours. In the latter case there is also a strong economic incentive to repair an old boiler 

(which is almost always cheaper) instead of replacing it. Possible efficiency increases by the 

replacement do not act as incentive because of the low full load hours.  

In the model, the high number of replaced boilers per year causes a higher stock turnover 

rate, i.e. transformations occur with a higher speed in the model than they do in reality. 

With respect to the decision model, further points arise from the interpretation of the model 

results. All of them can be ascribed to the fact the survey data basis of the thesis was not 

sufficiently large in order to examine them: 

 Splitting the decision process (in the decision model) between newly constructed 

buildings and existing buildings will probably lead to a stronger explanatory value of the 



 139/154

model. The model outcome shows that decision criteria in both segments probably vary 

significantly.  

 The decision process in existing buildings could additionally be split between households 

that select the same heating system as previously installed and households that switch to 

a new technology. In this way, the reasons of people to change existing habits could be 

analysed more clearly. 

 Wall-hung vs. ground-standing boilers: In BRG (2007b), analysts see a clear 

development away from ground-standing boilers towards wall-hung boilers, which could 

possibly explain a part of the difficulties of wood pellet systems visible in the model 

results. This aspect is only considered by the space requirement variable in this model, 

which has a similar, but not the same focus.  
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7 Conclusions 

This thesis presents a mathematical simulation model of the stock development of heating 

appliances in Germany and the household decision making concerning the heating system. 

The author shows that performing a survey and evaluating the data with statistical models is 

a strong instrument for identifying main drivers of deciders in the heating market. As the 

heating market includes large capital requirements (long-term investment), stock effects like 

CO2 emission reductions caused by modernisation of heating systems play an important role. 

Modelling the vintage stock explicitly – as applied in this thesis – gives a quantitative answer 

to the question of the boundaries of the scope of action of policy makers. The combination of 

both the vintage stock model and the statistical decision model enables policy makers to 

evaluate their potential influence and impacts of potential policy instruments within a 

restricted reality. 

Furthermore, the author proposed a new methodology with respect to assumptions on future 

fuel price development. Unlike scenario analysis, the new methodology first assumes a 

random walk for future fuel price development. This random walk takes place within a 

defined framework which is obtained by statistically analysing the fuel price development in 

the past. In this way, the dependence of technological (or CO2 emission) development on the 

fuel price path can be obtained. The results of a Monte Carlo Analysis evaluating many 

model runs with different fuel price scenarios are quite stable. This is because fuel prices – 

except for wood pellet prices – have shown a positive correlation in the past decades. So if 

all fuel prices increase and decrease at the same time, the decisions change only marginally, 

as the ratios of the different fuel prices change. 

From this the conclusion can be drawn that, if fuel prices behave in the future as they did in 

the past decades, the future development of the heating market is largely independent from 

fuel price development. Only potential regime shifts (for example the decoupling of natural 

gas and fuel oil prices) can break this rule. The independence from fuel price development is 

true for all technologies except for wood pellet boilers, which benefit strongly from high prices 

for fossil fuels and act like a backstop technology. From an economic point of view, this is 

generally positive, as it saves fuel costs and imports. The results show, however, that in 

extreme fuel price scenarios it is possible that wood pellet consumption reaches a limit where 

it can no longer be provided from national sources but must be imported. 

Moreover, a regime shift in wood pellet pricing is imaginable. If prices for fossil fuels increase 

sharply, wood pellet producers will probably take this fact into consideration in their price 

policy and adjust their prices so that the gap between wood pellets and fossil fuel prices 

doesn’t become too large. This means that the pricing of wood pellets could shift in the future 

from a cost-based pricing (as we probably have today) to a pricing which follows the oil price 

development (as today is observable in the case of natural gas). 
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With respect to the technological development the model results show that electric heat 

pumps, solar thermal systems and wood pellet boilers all will gain market shares in the 

coming years, however, on a different scale. While heat pumps become market leader in the 

segment of newly constructed buildings and an important player in existing buildings as well 

(up to 20% total market share), wood pellet boilers remain a niche technology with only about 

3% market share. Solar thermal systems are in between. A main driver of the success of 

electric heat pumps is technological learning. The predicted market shares depends 

significantly on whether the high learning rates of heat pumps observed in the past will 

endure in the future or not. Without technological learning, heat pumps can only get a market 

share of about 8%. Like fuel prices, the effect of technological learning also turned out to be 

relative: One man’s blessing is another man’s curse. If heat pumps can implement high and 

wood pellet boilers only low learning effects, the latter are worse off than if no technological 

learning had happened at all.  

As one reason for the fact that wood pellet boilers remain a niche technology the fuel 

problematic of wood pellet boilers could be identified: It can be assumed that the price of 

wood pellet fuel rises with increasing use of wood pellet boilers. This effect can absorb a 

large share of the positive drive of wood pellet boilers and impedes a boom in this 

technology. In the case of solar thermal panels there is no fuel, so the economic viability 

depends only on the fuel price of the substituted fuel.  

Because of the success of electric heat pumps, policy should be prepared that electricity 

demand from the heating sector increases significantly in the coming years. In this context, 

especially the optimistic electricity market scenarios of the German Federal Ministry for the 

Environment have to be regarded quite critically, as they all imply a strongly decreasing 

demand for electricity in the coming years. According to the model calculations the heating 

market will demand an additional 32 TWh compared to the 2009 value, although electric 

resistance heating systems phase out nearly completely.  

However, the existence of a large quantity of heat pumps in the heating market also 

represents a great chance for policy by two accounts: Firstly with heat pumps the share of 

renewable energy in the heating market can be increased by enlarging the share of 

renewables in electricity production. Compared to the use of solar thermal panels (which 

save only a small share of heating energy and are not applicable to every building) and the 

use of wood pellet boilers (which can cause problems from a resource point of view, if used 

at a large scale) this is relatively easy, as in the electricity market there already is a dynamic 

towards more renewable energy. Secondly, heat pumps (which are equipped with a hot 

water storage) can be used for demand side management and in this way facilitate a market 

integration of a large share of fluctuating renewable electricity generation. 
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CO2 emissions from the heating sector will generally decrease in the coming years, 

especially since natural gas and fuel oil condensing boilers still have a large potential. Model 

outcome shows that this decrease will be in the range between 25% and 30% from 2009 to 

2025. About half of this value is due to an exogenously assumed efficiency increase. The 

other 50% of the reduction are caused by technological change. With the large share of heat 

pumps in the market, the influence of the CO2 intensity of the electricity mix as well as the 

assumed efficiency of the heat pump both has a significant influence on total CO2 emissions. 

With respect to the latter, the increasing share of air source heat pumps in the market could 

lead to a lower average efficiency of heat pumps in the future and thereby slow down the 

decrease in CO2 emissions. 

With respect to policy instruments, the results raise the question whether the current 

investment incentive policy is efficient with respect to CO2 reduction goals. The average 

calculated macroeconomic CO2 mitigation costs of investment subsidies as they are applied 

today depend strongly on the fuel price development, but in the average are positive and in 

the range of other common CO2 mitigation (around 20 Euros / t CO2). For untargeted 

renewable obligations, the CO2 mitigation costs are higher, while the potential CO2 reduction, 

however, is significantly higher as well. Especially the CO2 mitigation costs of investment 

grants could be reduced by applying more targeted policy instruments: The results of the 

statistical decision model show that there are specific substitution patterns. Investment 

subsidies motivate a disproportionately high share of households which otherwise would buy 

a natural gas heating system to switch to an electric heat pump or a wood pellet boiler. Why 

should investment incentives be given to households with natural gas heating systems which 

still are (in case it is a state-of-the art condensing boiler) a highly efficient low-CO2 solution? 

Even in the year 2025 the average specific CO2 emissions per kWh will be not lower than the 

emissions of a gas condensing boiler. From a CO2 abatement cost point of view it would be 

much more efficient to grant the investment incentive only to households which currently 

have a fuel oil based heating system ("Abwrackprämie für Ölheizungen"). As a technology is 

available (the wood pellet boiler) which generally fits the technical requirements of buildings 

currently equipped with fuel oil heating systems quite well, the change from fuel oil boiler to 

wood pellet boiler is also quite attractive from a technical point of view. 

All considerations are based on the available data. Analyses and statistical models can only 

be estimated and applied to the future if data, e.g. on technologies used for heating purposes 

are existent. So, generally the federal statistical office should collect data about new 

technologies as early as possible. As this step requires a profound understanding of the 

market and knowledge of new trends, market experts (which are usually not employees of a 

statistical office) should be involved in this process. The earlier information (e.g. sales 
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numbers) about new innovative technologies is available, the earlier can the innovation 

process be controlled (i.e. supported or counteracted) by policy measures. 

Path dependencies in the heating markets have proven significant. Households with natural 

gas heating systems will, with a high probability, buy a natural gas heating system again; 

households with a fuel oil heating system will, with a high probability, decide again for a fuel 

oil boiler. Shifting to more renewable based heating systems requires breaking up these path 

dependencies. Performing such a survey over time could make the observation of trends or 

shifts in decision motives possible.  

At last the author sees a requirement for further research with respect to the integration of 

energy efficiency measures into a comprehensive heating market model. In this study, the 

efficiency increase is modelled exogenously, i.e. independent of fuel price development. This 

is problematic as energy efficiency investments are largely economically incentivised and 

therefore depend on fuel prices. Moreover, the level of energy efficiency investments affects 

the economics of the different heating system options.  
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9 Appendix 

9.1 Survey 

 

Fragen zu Ihrer Entscheidung für eine Erdgasheizung

1. Was war der Grund für den Einbau einer neuen Heizung?

 Das Haus ist ein Neubau
 Erneuerung der Heizung stand an (technische Lebensdauer der alten Heizung war erreicht)
 Ein größerer Umbau bzw. eine Sanierung des Hauses war geplant
 Jemand hat es mir nahe gelegt
 Wirtschaftliche Gründe (neue Heizung ist günstiger als die alte)
 Umweltschutz
 Andere, nämlich: 

2. Wer hat Sie bei der Entscheidung für eine Erdgasheizung wirklich gut beraten, so dass Sie
sich für diese Technolgie entschieden haben? (Bitte nur eines ankreuzen)

 Heizungsbauer
 Energieberater
 Kaminkehrer/Schornsteinfeger
 Bekannte, Verwandte, Nachbarn
 Architekt
 Ich habe die Entscheidung ohne fremde Hilfe getroffen
 Andere, nämlich: 

3. Was war der Hauptgrund für den Erwerb der Erdgasheizung? (Bitte nur eines ankreuzen)

 Es war bereits eine Gasheizung installiert
 Niedrige Investitionskosten
 Wirtschaftliche Gründe (die Heizung ist bei Berücksichtigung der Investitions- und aller laufenden

Kosten die günstigste Heizung)
 Umweltfreundlichkeit/geringe Schadstoffemissionen
 Keine technischen Probleme im Betrieb zu erwarten
 Anderes, nämlich: 

4. Welche Heizungsarten haben Sie bei Ihrem Entscheidungsprozess außerdem noch in Betracht
gezogen? (Mehrfachnennungen möglich)

 Ölheizung ohne Solarthermie
 Ölheizung mit Solarthermie
 Erdgasheizung mit Solarthermie
 Holzpellets ohne Solarthermie
 Holzpellets mit Solarthermie
 elektrische Wärmepumpe (z.B. Erdwärme) ohne Solarthermie
 elektrische Wärmepumpe (z.B. Erdwärme) mit Solarthermie
 Mikro-KWK
 Nah-/Fernwärme
 Anderes, nämlich: 

5. Wenn Sie an Ihre Heizung im Allgemeinen denken: Wie wichtig sind Ihnen folgende Aspekte?
sehr
wichtig

eher
wichtig teils/teils eher

unwichtig
sehr
unwichtig

Niedrige Anschaffungskosten
Niedrige Betriebskosten
Umweltfreundlichkeit der
Heizung
Möglichkeit, regenerative
Energien zu nutzen
Platzbedarf der Heizung
Ausgereifte Technologie
Wartungsaufwand
Vorbild/Vorreiter sein
Staatliche Förderprogramme
Unabhängigkeit von großen
Energieversorgern
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Fragen zu Ihrer Heizungsanlage und zum Gebäude

1. Die neue Heizung wurde eingebaut im Jahr 

2. Die installierte Kesselleistung (maximale Wärmeabgabe) meiner Heizung beträgt  kW

3. Ist im Gebäude ein Flächenheizungssystem installiert (Fußboden- oder Wandheizung)?

 Ja, es wurde im Rahmen der Heizungserneuerung eingebaut.
 Ja, das Gebäude war schon vorher mit einer Flächenheizung ausgestattet.
 Nein, das Gebäude hat ganz normale Heizkörper (Radiatoren) in den Zimmern.

4. Welche Art von Erdgasheizung wird genutzt?

 Brennwertkessel
 Niedertemperaturkessel (NT-Kessel)
 weiß nicht

5. Heizungsart, bevor Sie Ihre derzeitige Heizung eingebaut haben?

 Ölheizung
 Gasheizung
 Keine, da Neubau
 Andere, nämlich: 

6. Das Baujahr des alten Heizkessels war das Jahr  (falls bekannt)

7. Baujahr des Gebäudes 

8. Hat eine energetische Sanierung des Gebäudes stattgefunden? Wenn ja, in welchem Jahr?

 ja, im Jahr 
 nein
 weiß nicht

9. Das Gebäude ist ein...

 Einfamilienhaus
 Doppelhaushälfte/Reihenhaus
 Mehrfamilienhaus
 Andere, nämlich: 

Fragen zur staatlichen Förderung

1. Welche Art von Förderung haben Sie in Anspruch genommen? (Mehrfachnennung möglich)

 Steuervorteile (gesonderte Abschreibungsmöglichkeiten)
 Zinsvergünstigte Kredite (z.B. der KfW-Bank)
 Anderes, nämlich: 

2. Wie wichtig waren Ihnen die Förderinstrumente zusammen genommen?

 Entscheidend
 Von hoher Bedeutung
 Eher ein netter Nebeneffekt
 Ich habe keine staatliche Hilfe in Anspruch genommen



 153/154

 

  

Persönliche Fragen

1. In meinem Haushalt wohnen (mich eingeschlossen)  Erwachsene und  Kinder

2. Wie steht es mit meinem Interesse für Energietechnik? Trifft folgende Aussage für Sie zu?
"Ich habe Interesse für Energietechnik"

 Trifft eher zu
 Trift eher nicht zu
 Weiß nicht

3. Größe meines Wohnortes (Einwohner):

 unter 5.000
 5.000 - 20.000
 20.000 - 100.000
 100.000 - 500.000
 mehr als 500.000

4. Mein höchster Bildungsabschluss:

 Volks- bzw. Hauptschulabschluss
 Mittlere Reife, Realschulabschluss
 Abgeschlossene Lehre
 Abgeschlossene Berufsausildung
 Abitur oder Fachhochschulreife
 Abgeschlossenes Studium (Universität oder Fachhochschule)

5. Bitte geben Sie das gesamte monatliche Netto-Einkommen Ihres Haushaltes an. (Hinweis:
Ihre Angaben werden selbstverständlich streng vertraulich behandelt und anonym verarbeitet.
Wenn Sie diese Frage nicht beantworten möchten, lassen Sie sie bitte einfach aus.)

 kleiner 1500 €
 1500 - 2500 €
 2500 - 3500 €
 3500 - 4500 €
 mehr als 4500 €

Absenden

Bei Fragen oder Problemen wenden Sie sich bitte an johannes.henkel@tu-berlin.de.
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9.2 Details of assumed investment costs 

Table 15: Investment cost split up into components for different heating systems  

 Fuel oil Natural gas Wood pellets Heat pump 
Solar thermal 

system 
Boiler and control / 
Solar thermal collectors 

5,150 € 4,000 € 9,950 € 8,350 € 4,700 € 

Hot water storage 950 € - 2,100 € 2,100 € Included 

Flue gas system 1,450 € 1,450 € 2,400 € - - 

Gas grid 
connection/Fuel 
storage/Heat source 

2,400 € 2,050 € 2,700 € 9,800 € - 

Installation of boiler / 
solar thermal system 

1,450 € 1,300 € 1,750 € 1,300 € 1,150 € 

Panel heating system, if 
not existent 

- - - 6,100 €18 - 

Sum 11,400 €/
9,000 € 

8,800 €/ 
6,750 € 

18,900 € 21,550 €/ 
27,650 € 

5,850 € 

 

 

 

 
 

                                                 
18 Value results from the assumption of panel heating installation costs of about 49 €/m² and a living 
space of 125 m² 


