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Summary

Climate change and the impending peak production of crude oil are both
global challenges that will affect the economic and technological development
of all countries. There is thereby already a great need for highly detailed and
accurate simulations of the energy systems of countries, regions, and large
cities. The existing kinds of energy models — process-oriented bottom-
up models and macroeconomic models — each have their advantages and
disadvantages, but both hold much room for improvement (Chapter 1).

More than ever, future energy policy analysis needs to make it possible
to identify measures, quantify emerging costs and benefits of potential tech-
nical options, and assess the effects of energy and climate policy measures
using scientific methods. This dissertation pursues a series of methodological
improvements of bottom-up models in order to contribute to a higher degree
of differentiation and accuracy in techno-economic analysis and to be able
to describe the effects of climate change on energy systems over the coming
decades (Chapter 2). Specifically, it aims for the following improvements:

1. It seeks to broaden the treatment of the cost of energy efficiency in-
vestments by applying the “applicable cost” method in cases where
present models are unable to put a price tag on those investments
because of their lack of an appropriate method.

2. Conceptually, it also includes co-benefits and transaction costs, which
have been completely neglected in bottom-up models despite their
likely high relevance for policy making.

3. It introduces a cohort approach in order to take reinvestment cycles
of buildings and appliances into consideration.

4. It accounts for the influence of climate change on buildings? energy
requirements.

5. Finally, the dissertation aims to contribute to the development of
hybrid energy model systems, simultaneously using bottom-up and
macroeconomic models to combine their respective advantages.
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It is also a goal to implement these conceptual issues and to generate quan-
titative results (Chapters 3 to 5) in order to draw lessons on methods, data
requirements, data availability as well as energy policy (Chapter 6).

Conducted within the framework of the doctoral research, several re-
search projects set out to implement these new concepts and to apply them
to three energy sectors for European countries, Switzerland, and the city of
Zurich. Three cohort-based, bottom-up models were developed and applied:
SERVE for the service sector; RESIDENT, simulating the energy demand
for heating and hot water from private households; and RESAPPLIANCE
for private households? electrical appliances.

The cohort application of the electrical appliance model RESAPPLI-
ANCES clearly shows that white goods and lighting hold a large potential
for energy efficiency, and brown goods (especially TVs, video, and stereo
equipment) have a significant margin for improvement in stand-by mode
(Chapter 3). The suggested efficiency improvements are to a large extent
quite profitable and could be implemented by policies at the national level
(but preferably at the EU level), by taking into account that electrical ap-
pliances are mass-produced and often imported from Asian producers. The
cohort approach and the efficiency potentials lead to the result that due to a
slightly rising per capita income, the power needs of electrical appliances can-
not be reduced by more than about 2% per year. The modelling approach
also shows the disadvantage of long-term projections (beyond around 2035),
since the energy requirement of as yet unknown electrical applications must
be projected.

In view of the very long re-investment cycle of buildings and their com-
ponents (including heating and air conditioning systems) on the one hand
and improved capacities and speed of computers on the other, a major im-
provement was achieved through the coupling of various cohorts of a national
building stock (construction year of buildings, heating systems, retrofitting,
and fuel substitution) into one integrated calculation module. Through both
its applications RESIDENT and SERVE, the new model permits a more ac-
curate simulation of technical options and the analysis of policies pertaining
to retrofitting of buildings and heating systems, in particular the change in
dynamics induced by policy shifts (Chapter 4). It also shows the limits of an
ambitious climate policy in view of reinvestment cycles and the contribution
of new houses with passive-house standards.

The induced costs and reduced energy costs of such policies are of the
highest interest as is likewise the overall improvement within a specified
time frame. In order to exploit the potential of differentiated simulations
in bottom-up models, the author introduced cost modules to calculate ad-
ditional investment costs of various policy options. Two methods were used
here: the method of discrete investments, which involved the use of cost sav-
ing curves for insulation measures and discrete investments; and the method
of applicable investments costs, applied where differentiated investment cost
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data are missing or are practically impossible. The author included some
additional cost considerations, mostly qualitative, in order to produce more
complete information on cost analysis. These additional costs involved trans-
action costs, co-benefits, and changed operating costs.

The research also considered the effects of a long-term change in climate
on the stock of buildings. It did this through the use of two new sub-models:
one for the reduced heating demand and another that calculates additional
diffusion of air conditioning and higher demand for cooling on account of
increased average temperatures in a region or a country. The results of a 4◦C
scenario suggest that on average by 2050, the heating demand in Europe will
be reduced by almost 20% compared to present energy demand. However,
electricity demand for air conditioning in buildings will by 2050 increase by
35% or by 7% in terms of total electricity demand.

To help compensate for the limitations of traditional bottom-up assump-
tions, two hybrid model systems were developed for Switzerland and 29 Eu-
ropean countries. Macroeconomic and demographic information was inte-
grated into the bottom-up models, and results of the bottom-up models
were reported back to the macro-models (see Chapter 5). This was ac-
complished by developing two data transfer modules: the TRANSFORMA-
TION module, which transforms macroeconomic and demographic data such
as GDP, population, and employment into bottom-up-driven data, such as
heated floor area in buildings and diffusion of electrical appliances; and the
IMPULSE module, which aggregates the results of the various bottom-up
models as well as the programme costs and the mandated energy policy
instruments and feeds the additional investment and changed costs to the
macroeconomic models with the necessary sectoral structure. Where the
macroeconomic data for a given scenario and year are too greatly changed
by ambitious policies from results calculated in the bottom-up models, iter-
ative calculations for the same year can be implemented until the differences
become negligible.

The model improvements demonstrate that cohort-based bottom-up mod-
els are a very effective and transparent means of calculating energy evolution
in the mid-term (i.e. until 2035/2050). They provide policy makers with dif-
ferentiated information about technical alternatives, practical limits to the
speed of policy implementation, and related net costs that include capital
costs and changed operating costs as well as energy costs and their effects
at the macroeconomic level.

Additionally, the two climate models showed the high sensitivity of cli-
mate for the energy demand of buildings in countries with continental cli-
mates as well as in countries with high mountains like Switzerland. This
highlights the next challenge for energy modelling: including adaptation of
the energy system to climate change and related adaptation costs. Based
on this conclusion, and considering that the future climate will be warmer
and will witness more extreme weather events such as storms, heavy pre-
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cipitation, and heat waves, nearly all future energy models can be expected
to incorporate some climate-relevant parameters, the related reactions, and
adaptation costs in the affected sectors.

On the policy side, the results show that in order to implement ambitious
energy and climate policies in the coming decades, construction standards
must be raised significantly, not just for new buildings but also for the
existing building stock. This is indispensable for generating new technical
improvements, abating costs, and inducing the phase-out of the energy-
intensive building stock.

The methodological progress outlined in this dissertation shows the need
for more empirical data collection, particularly for co-benefits at the useful
energy level (e.g. heating and air conditioning in buildings) and for transac-
tion costs, which are often a major obstacle to realising the existing potential
of economic investment in energy efficiency and fuel substitution.



Zusammenfassung

Der Klimawandel und das drohende Produktionsmaximum des Erdöls sind
beides globale Herausforderungen, welche die wirtschaftliche und techno-
logische Entwicklung aller Länder beeinflussen werden. Hierdurch entsteht
bereits heute ein enormer Bedarf nach hoch differenzierten und möglichst
genauen Simulationen des zukünftigen Energiesystems von Ländern, Regio-
nen oder grossen Städten. Die heute vorhandenen Energiemodelle — die
prozess-orientierten und die makro-ökonomischen Modelle — haben beide
ihre Vor- und Nachteile, und beide haben grosse Möglichkeiten der metho-
dischen Verbesserung (vgl. Kapitel 1).

Die zukünftige Energiepolitik-Analyse muss mehr denn je in der Lage
sein, Chancen für derartige Massnahmen zu identifizieren, entstehende Ko-
sten und Nutzen möglicher technischer Optionen zu quantifizieren und die
Auswirkungen ernergie- und klimapolitischer Massnahmen mit wissenschaft-
lichen Methoden vorauszuschätzen. Diese Dissertation verfolgt daher einer
Reihe von methodischen Verbesserungen bei bottom up-Modellen, um zu
einer grösseren Differenzierung und Genauigkeit der technischökonomischen
Analysen beizutragen und die Auswirkungen des Klimawandels auf das
Energiesystem in den kommenden Jahrzehnten zu beschreiben zu können
(vgl. Kapitel 2). Im einzelnen sind folgende Verbesserungen angestrebt:

1. die Bewertung der Kosten für Energieeffizienz-Investitionen durch die
Methode der “anlegbaren” Kosten für solche Fälle zu erweitern, wo
derzeitige Modelle infolge einer fehlenden Methode nicht dazu in der
Lage sind.

2. Konzeptionell wurden auch die begleitenden Nutzen und die Transak-
tionskosten einbezogen, die bisher in bottom up-Modellen völlig ver-
nachlässigt wurden, obwohl sie für die Energiepolitik von grosser Be-
deutung sein können.

3. Um die Re-Investitionszyklen von Gebäuden und Geräten berücksichtigen
zu können, wurden der Kohorten-Ansatz eingeführt.

4. Der Einfluss des Klimawandels auf den Energiebedarf bei Gebäuden
war zu berücksichtigen.

ix
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5. Schliesslich hatte die Dissertation zum Ziel, einen Beitrag zur Entwick-
lung von Hybrid-Modell-Systemen zu liefern, d.h. der gleichzeitigen
Anwendung von bottom up- und makro-ökonomischen Modellen, um
ihre jeweiligen Vorteile zu verbinden.

Es war auch ein Ziel, diese konzeptionellen Entwicklungen anzuwenden und
quantitative Ergebnisse zu erzielen (vgl. Kapitel 3 bis 5), um Schlussfolge-
rungen zur Methode, zum Datenbedarf und zur Datenverfügbarkeit sowie
zur Energiepolitik ziehen zu können.

Während der Zeit der Promotionsarbeiten gab es mehrere Forschungs-
projekte, die sich anboten, um die neuen methodischen Konzepte auf drei
Energiesektoren und für die europäischen Länder, die Schweiz und die Stadt
Zürich anzuwenden. Drei Kohorten-bottom up Modelle wurden entwickelt
und angewendet: SERVE für die Dienstleistungssektoren, RESIDENT, das
den Energiebedarf für Heizen und Warmwasser von privaten Haushalten be-
rechnet, und RESAPPLIANCE für die Elektro-Geräte der privaten Haus-
halte.

Die Kohorten-Anwendung beim Modell für Elektrogeräte (RESAPPLI-
ANCE) zeigt deutlich, dass die weisse Ware und die Beleuchtung hohe Po-
tentiale der Energieeffizienz aufweisen und braune Ware (besonders Fernse-
her, Video- und Hifi-Geräte hohe Einsparmöglichkeiten im Stand-by-Modus
(vgl. Kapitel 3). Die Energieeffizienz-Potentiale sind zu einem grossen An-
teil rentabel und könnten auf der nationalen Ebene umgesetzt werden, aber
wirksamer auf der EU-Ebene, wenn man berücksichtigt, dass Elektro-Geräte
Massenprodukte sind und oft von asiatischen Herstellern importiert werden.
Der Kohorten-Ansatz und die Effizienzpotentiale führen zu dem Ergebnis,
dass der Strombedarf der Elektrogeräte angesichts leicht steigender Ein-
kommen pro Kopf um nicht mehr als etwa 2% pro Jahr gesenkt werden
könnte. Der Modellansatz zeigt auch den Nachteil bei langfristigen Projek-
tionen (etwa nach 2035), weil ein Energiebedarf von (noch) nicht bekannten
elektrischen Anwendungen projiziert muss.

Angesichts der sehr langen Re-Investitionszyklen von Gebäuden und
deren Komponenten (einschliesslich des Heiz- oder Kühlungssystems) ei-
nerseits und der grösseren Kapazitäten und Rechengeschwindigkeiten von
Computern andererseits ist nunmehr durch die Kopplung von mehreren
Kohorten-Modellen des nationalen Gebäudebestandes (Baujahr der Gebäude,
Heizsystem, Sanierungszustand und Brennstoff-Substitution) in einem inte-
grierten Modell eine wesentliche Verbesserung erreicht. Dieses neue Modell
erlaubt in seinen beiden Anwendungen RESIDENT und SERVE eine ge-
nauere Simulation der technischen Alternativen und die Analyse von Po-
litiken der Sanierung von Gebäuden und Heizsystemen, insbesondere den
Wechsel der Dynamik infolge von veränderten Politikmassnahmen (vgl. Ka-
pitel 4). Er zeigt auch die Grenzen einer ambitionierten Klimapolitik in-
folge von Re-Investitionszyklen und dem Beitrag von neuen Gebäuden mit
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Passivhaus-Standard.
Die induzierten Kosten und Energiekostensenkungen derartiger Politi-

ken sind von höchstem Interesse und ebenso die Gesamtverbesserung über
einen gegebenen Zeitraum. Um die Möglichkeiten derartiger differenzierter
Simulationen in bottom up-Modellen auszuschöpfen, führte der Autor Ko-
stenmodule ein, welche die zusätzlichen Investitionen für die verschiedenen
Politik-Alternativen berechnen. Dazu wurden zwei Methoden benutzt: die
Methode der diskreten Investitionen, bei denen auch Kosten-Einsparkurven
für Isolationsmassnahmen und diskrete Investitionen verwendetet wurden,
sowie die Methode der anlegbaren Investitionen für diejenigen Fälle, wo dif-
ferenzierte Investitionsangaben fehlten bzw. praktisch nicht möglich sind. Es
wurden auch zusätzliche Kostenüberlegungen zu den begleitenden Nutzen,
den Tansaktionskosten und veränderte Betriebskosten, meist in qualitativer
Form, durchgeführt, um auf den Bedarf einer vollständigen Information der
Kostenanalyse hinzuweisen.

Die Entwicklungsarbeiten umfassten auch zwei neue Teilmodelle, die das
langfristig veränderte Klima für den Gebäudebestand mit berücksichtigen
können: eines für die Ermittlung des verminderten Heizenergiebedarfs und
ein weiteres für die Berechnung der Diffusion von Klimaanlagen und den
zusätzlichen Klimatisierungsbedarf aufgrund zunehmender Durchschnitts-
temperaturen in einer Region oder in einem Land. Die Ergebnisse eines
4◦C Szenarios zeigen, dass der Heizenergiebedarf im Durchschnitt in Europa
bis 2050 um fast 20% gegenüber dem heutigen Bedarf vermindert würde.
Dagegen läge der Anstieg im Strombedarf für Klimatisierung der Gebäude
bei 35% und bezogen auf den Gesamtstrombedarf bei 7% bis 2050.

Um die Grenzen und Nachteile der bisherigen bottom up-Modelle aufzu-
heben, wurden für zwei Anwendungen Beiträge zu Hybrid-Modell-Systemen
erarbeitet, und zwar für die Schweiz und 29 europäische Länder. Hierzu wur-
den makro-ökonomische und demographische Informationen in den bottom
up-Modellen verwendet und die Ergebnisse der bottom up Modelle an die
Makro-Modelle zurückgemeldet (vgl. Kapitel 5). Hierzu wurden zwei Daten-
transfer-Module entwickelt: das TRASFORMATION Modul, das makro-
ökonomische und demographische Daten (z.B. Bruttoinlandsprodukt, Be-
völkerung und Beschäftigung) in Variable der bottom up-Modelle wandelt
(z.B. beheizte Flächen der Gebäude und Diffusion von Elektrogeräten) so-
wie auf der anderen Seite das IMPULSE Modul, das die Investitionen und
veränderte Kosten der verschiedenen Bottom up-Modelle sowie die Program-
mosten der unterstellten energiepolitischen Instrumente aggregiert und an
die Makro-Modelle mit den erforderlichen sektoralen Strukturen zurück-
meldet. Wenn die ursprünglichen makro-ökonomischen Daten für ein Sze-
nario und ein Jahr zu sehr durch ambitionierte Politikmassnahmen von
den Ergebnissen der nachfolgend rechnenden Bottom up-Modelle abweichen,
können iterative Berechnungen für das gleiche Jahr durchgeführt werden, bis
die Unterschiede vernachlässigbar sind.
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Die Verbesserungen an den Modellen zeigen, dass die Kohorten-basierten
Bottom up-Modelle sehr wirksame und transparente Instrumente sind, um
die energiewirtschaftliche Situation für den Zeitraum 2035 bis 2050 zu pro-
jizieren. Sie liefern der Energiepolitik differenzierte Informationen über die
technischen Alternativen, die Grenzen der Umsetzungsgeschwindigkeit, mit
der die Politik rechnen muss, und die entsprechenden Netto-Kosten (einsch-
liesslich der Kapitalkosten sowie der veränderten Betriebs- und Energieko-
sten) und deren Auswirkungen auf der gesamtwirtschaftlichen Ebene.

Die beiden Klima-Module zeigten eine deutliche Sensitivität des Energie-
bedarfs der Gebäude in Ländern mit kontinentalem Klima und in Ländern
mit hohen Gebirgen wie die Schweiz. Dieses Ergebnis deutet die nächste Her-
ausforderung der Energie-Modelle an: es müssen die Anpassungskosten des
Energiesystems an den Klimawandel mit aufgenommen werden. Aufgrund
der Ergebnisse und angesichts der möglichen Veränderungen des Klimas zu
höheren Temperaturen und zu Extremereignissen wie Stürme, schwere Nie-
derschläge und Hitzewellen kann man erwarten, dass in Zukunft praktisch
alle Energiesektoren mit ihren Modellen klimarelevante Variablen aufweisen
werden, einschliesslich der Anpassungskosten in den jeweiligen Sektoren.

Aus der Politik-Perspektive zeigen die Ergebnisse, dass die Baustan-
dards erheblich angezogen werden müssen, und zwar nicht nur für neue
Gebäude, sondern auch für den Gebäudebestand, wenn man eine ambi-
tionierte Energie- und Klimapolitik in den kommenden Jahrzehnten um-
setzen will. Denn nur so würde man die technischen Verbesserungen, die
Kostensenkungen und eine Umwandlung des derzeit energieinteniven Ge-
bäudebestandes erreichen können.

Der methodologische Fortschritt, den diese Dissertation eröffnet, führt
aber auch zu einem zusätzlichen Bedarf an empirischen Daten, besonders
im Bereich der begleitenden Nutzen auf der Ebene der Nutzenergie (z.B. bei
Heizen und Klimatisierung von Gebäuden) sowie der Transaktionskosten,
die häufig ein zentrales Hemmnis bei der Realisierung des Potentials wirt-
schaftlicher Investitionen zur Energieeffizienz und der Brennstoffsubstitution
sind.
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Chapter 1

Introduction: energy
demand and supply models

Energy- and climate change-related issues have become a priority in many
countries at the political, economic, technological, and research levels. The
main concerns are:

• possible substantial oil price increases, due to higher demand of oil
products than crude oil production capacities (and the related prices
increases in other fuels), which pushes to efficiency improvements, be-
havioural changes to some extent and to substitution of oil products;

• the climate change problem, which has created high expectations for
the reduction of energy-related greenhouse gas emissions at the global
level in spite of rapid economic growth in emerging and developing
countries during the next decades.

Surrounding these hotly-debated issues are plenty of misunderstandings,
misinformation, and questionable expectations. To complicate matters, the
interdisciplinarity of the issues (proven reserves, technology options, eco-
nomic reactions, climate sciences, etc.) creates further uncertainty.

The scientific community is trying to analyse these topics in order to
improve the understanding of energy’s current role and its future evolution,
helping to guide sound and sustainable choices in politics, industry, and
technological development.

Figure 1.1 shows the ecosystem of energy modelling. In it, five main
areas of research are interconnected, and often models include two or more
areas:

1. Climatic level: these models simulate the long-term evolution of the
climate, taking into account astronomical and solar cycles; geological
and biological effects; and most significantly at this point, anthro-
pogenic effects, which include the emissions of greenhouse gases. Two

1
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Figure 1.1: Schematic overview of model ecosystem in energy modelling field.

third of anthropogenic emissions in recent decades have been energy-
sector related. For this reason, climatic models require links to global
energy models to provide an estimate of the percentage of climate
change attributable to greenhouse gas emissions.

On the other hand, there are also inverse links: regional climate
changes affecting energy consumption (e.g. reduced heating demand,
increased cooling demand), the efficiency of power plants (e.g. cooling
towers), and economics (e.g. protection against extreme events, agri-
cultural and forestry production) must all also be taken into account.

2. Technological level: a huge number of technologies across all sectors
of the economy, used for day-to-day life and entertainment, industrial
production, automation and services, mobility and transport of goods,
also have an impact. Therefore, models must consider which technolo-
gies will be available in the near future, as well as which technologies
will be most commonly used (for economic reasons). In sum, energy
modelling must identify and project the energy-relevant components
of these technologies, tracking everything from simple technological
improvements to detailed data, according to the model design.

3. Economic level: the economy influences income per capita, structural
changes in the economy, and technical progress (e.g. research and de-
velopment funding, willingness to adopt new technologies earlier, etc.),
and, hence, energy demand, as well as the energy supply choices (and
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energy prices). Because of such important influences, much energy
modelling is done at the macroeconomic level. however, this mod-
elling at the macroeconomic level cannot describe energy demand and
supply in more technical detail.

4. Energy demand side: such models calculate the energy demand, ac-
cording to the availability of technologies, the existing captial stock,
and economic demand for services (heat, mobility, etc.) at a detailed
technological level.

5. Energy supply side: such models simulate the energy supply and CO2

emissions. These models are sometimes directly linked to energy de-
mand models and provide feedback about supply constraints (and
prices).

This schematic overview underscores the following: first, the overall in-
terdisciplinarity of energy issues; second, the extent to which technology and
energy-related issues are linked; third, the influence of industrial production,
consumption, and mobility patterns in creating energy demand; and fourth,
the question of the extent to which demand can be met by inexpensive
energy carriers.

This thesis aims to contribute to the scientific understanding of the en-
ergy demand of two sectors, the residential sector and the service sector.
It also aims to explore the ways in which energy demand of industrialised
countries can be lowered in the long-term future (up to 2050), and to provide
information on the costs involved in adapting to climate change.

Quantitative energy models and structure of the thesis

As indicated, there are many energy-related models, and they take into
account information to a different degree as regards technology, economic
evaluation, decision patterns, and energy or climate policy issues. This
thesis is focused on those models that:

• project the energy demand of two sectors, namely the private house-
hold sector and the service sector;

• evaluate adaptation to climate change and mitigation policies, includ-
ing their cost and economic impacts; and

• provide data to other energy models, to facilitate a better understand-
ing of the total energy system of a country or a city.

Other types of energy and macroeconomic models, which are outside
the scope of this thesis, include energy supply planning models, which may
be either long-term, e.g. to evaluate the profitability of new power plants,
or short-term, e.g. to evaluate the daily to monthly operations of a power
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plant. Other types include those that have a more detailed time scale due to
the high variability of seasonal and peak/off-peak prices. But these types of
technical models have the objectives of companies at heart and not broader
energy or climate policy goals.

With regard to the analytical and policy perspective, there are two
types of models: top-down models (Section 1.1) and bottom-up models
(technology-driven models) (Section 1.2). A combination of the two types,
the hybrid model system (Section 1.3), exists as well. Extended reviews of
energy models can be found in Worrell et al. (2004) (for bottom-up models)
and in Dannenberg et al. (2008) (European macroeconomic models).

This thesis focuses on the following: first, the application of three bottom-
up models (see Section 1.2) that have been developed by the author: RE-
SAPPLIANCE for electrical appliances in private households (see Chap-
ter 3), RESIDENT for heat and warm water demand in private households,
and SERVE for final energy demand in the service and agricultural sectors
(both in Chapter 4). A second focus is contributing to a hybrid model sys-
tem (see Section 1.3) and describing data transformation and cost modules,
TRANSFORM and IMPULSE respectively (see Chapter 5). These models
have been used to project the energy demand on a municipal level (Zurich),
a national level (Switzerland), and the European level (with 25 regions,
covering 29 European countries), to evaluate the impact of strong energy
policies (see Chapters 3 to 5).

1.1 Macroeconomic models reflecting differentiated
energy sectors

Energy sector models belong to one of two main categories: macroeconomic
models and bottom-up models. Macroeconomic models for the energy sector
are complete macroeconomic models, i.e. they are based on generic macro-
economic models, thus simulating a whole economy along with its sectoral
changes, production, investment, consumption, influence of taxes and other
measures, and so on. The models considered in this chapter have an addi-
tional focus on energy demand and supply and eventually also on emissions
calculated by an attached module. These models usually use energy demand
per value added, energy and emission prices and taxes, etc. (see Table 1.1).

Macroeconomic energy models do not usually model technologies. This
lack of technical detail and technical evolution is a drawback when it comes
to the evaluation of sectoral- and technology-oriented policies or energy de-
mand. The advantage, however, is the consistency that comes with simu-
lating the development of a whole economy and the ability to measure the
impact of general instruments like energy taxes or emission certificates.

All detailed energy models rely directly or indirectly (i.e. defined in the
scenarios) on the results of macroeconomic models. In other words, the local
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Table 1.1: Four types of macroeconomic energy models, their country coverage,
and major authors.

model name characteristics selected references

Computable General Equilibrium Models

GEM-E3 class framework Capros et al. (1997)
Switzerland Bahn (2002)

SWISSGEM Switzerland Ecoplan (2005)
GEMINI-E3 Bernard and Viell (2008)

MPSGE framework Rutherford (1999)
AMIGA to 2050, U.S. Hanson and Laitner (2004)
EPPA to 2100, World Paltsev et al. (2005)

Econometric models

E3ME/E3MG class
E3ME Europe Barker (1999)
E3MG World Barker et al. (2006)
MDM-E3 U.K. Junankar et al. (2007)
NEMESIS EU countries Brécard et al. (2006)

System dynamics

ASTRA Germany, Europe Schade (2005)
FOSSIL2 U.S. Naill (2006)

Input-output analysis

renewables Itoh and Nakata (2004)
Switzerland Nathani (2006); Nathani et al. (2006)

AMIGA: All Modular Industry Growth Assessment
ASTRA: Assessment of Transport Strategies
E3ME: Energy-Environment-Economy Model for Europe
E3MG: Energy-Environment-Economy Model at the Global Level
EPPA: the MIT Emissions Prediction and Policy Analysis Model
GAMS: General Algebraic Modeling System
GEM-E3: General Equilibrium Model for Europe and the World
MDM-E3: Multisectoral Dynamic Model Energy-Environment-Economy
MPSGE: Mathematical Programming System for General Equilibrium analysis
NEMESIS: New Econometric Model of Evaluation by Sectoral Interdependency
and Supply

oil and gas prices depend on global oil demand, national GDP depends on
global GDP and international commerce, and so on.

Various types of macroeconomic models are briefly described in the fol-
lowing sections. They are based on different assumptions or they use specific
methods.

1.1.1 General Equilibrium Models

The General Equilibrium models, usually known as Computable General
Equilibrium (CGE) models, are widely used and studied and also find appli-
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cation in non-energy-related economic studies. CGE models are well-suited
to the analysis of general pricing and financial policies involving taxes, sub-
sidies, or other changes in energy prices. Somewhat similar to partial equi-
librium models (see Section 1.2.1), CGE models also offer insight into mi-
croeconomic changes in technology, mostly on the electricity supply side.
On the other hand, CGE models are seen by some technologists as a “black
box” (see e.g. Wing, 2009): their claim is that they lack transparency, be-
cause it is difficult to explain which technological changes are the result of
ambitious policies.

These models simulate the entire economic/goods flows (e.g. of a na-
tion) with three main actors: households (consumers), firms (producers),
and the government (taxes and subsidies). GCE models assume that the
economic or goods flow occurs when there is an equilibrium between con-
sumers and producers, with the possible addition of government to handle
taxes and subsidies. Additionally, consumers maximise their consumption
given their income constraints, and producers maximise their profit given
the constraints of competing products and consumer demand. Some mod-
ern CGE models also take into account market imperfections. A detailed
description of CGE assumptions and models is found in Wing (2009) (see
also Table 1.1).

Some important CGE models are (see Table 1.1): GEM-E3 (“General
Equilibrium Model for Europe and the World”), introduced in Capros et al.
(1997), and also used in Bahn (2002) for the Swiss case; AMIGA “All Modu-
lar Industry Growth Assessment”, e.g. in Hanson and Laitner 2004); EPPA
(“The MIT Emissions Prediction and Policy Analysis Model”, described e.g.
in Paltsev et al. 2005).

1.1.2 Econometric models

Similar to the CGE model family, econometric models form another group
of macroeconomic models. Contrary to CGE, they use empirical functions
to simulate future developments. The econometric models use econometric
analysis, normally on time series but sometimes also on cross-country data,
in order to calculate the economic and energy development.

The fundamentals of econometric models are simple, and thus basic mod-
els can be constructed using relatively little economic data. This feature is
especially important for developing countries, where little data are available,
and where consumption is largely driven by economic development rather
than technological development, as is the case in industrialised countries.

On the other hand, more complex models can be constructed, e.g. E3ME
(Barker, 1999) which simulates 41 consumers and 42 industries in 29 Euro-
pean countries using complex interaction and saturation levels.

Cambridge University together with Cambridge Econometrics is develop-
ing three econometric models: E3ME (Energy-Environment-Economy Model
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for Europe) at the European level (Barker, 1999), E3MG at the global level
(Barker et al., 2006), and MDM-E3 at the national (United Kingdom) level.
NEMESIS (Brécard et al., 2006) is another model (EU-27, USA and Japan).

Because of their econometric base, such models are well-suited to the
evaluation of the short- to medium-term impacts of policy changes (up to
20–30 years). However, major technological changes or behavioural (value)
changes cannot be simulated by this type of model, as the relationships are
based on past data and related behaviours.

1.1.3 System dynamics

System dynamics is a computer-based methodology for understanding the
behaviour of complex systems over time. It deals with internal feedback
loops and time delays that affect the behaviour of the entire system. The
advantage of such a methodology is the explicit linkage of policies and other
energy-related fields to societal aspects (e.g. private mobility, trade of goods,
energy security, environmental conservation, etc.) (Taylor, 2008).

Examples of energy-related system dynamics models include macroeco-
nomic simulation models such as ASTRA (Schade, 2005) and FOSSIL2
(Naill, 2006). The advantage of this model type is that it is better at han-
dling behavioural change and evaluating more detailed — including technical
— policies. Its disadvantage is that the impacts of such policies are based
on assuming values for coefficients that are not themselves empirically based
and are not necessarily consistent with a bundle of assumed policies.

1.1.4 Input-output analysis

Input-output analysis represents another important group of macroeconomic
models. These models are primarily pure economic models, describing the
relationships between different national sectors in terms of value added and
input and output coefficients relative to total production. The input-output
tables are specifically detailed for the industrial and service sectors. They
are generally used via their economic indicators (e.g. employment per value
added) to derive changes in economic structure stemming from economic
or energy policies; or, in short-term projections, as a result of the business
cycle and its impact on employment, the level of energy demand, emissions,
the state of resources, etc. These data and policy-driven changes in them
make it possible to analyse scenario impacts (in particular of the bottom-
up models, which usually lack the tools suitable for calculating economic
impacts), and to define intrasectoral interaction in the CGE models.

Internationally, two standards for input-output analysis have been devel-
oped: the United Nations (1999) and that of the European Union (Eurostat,
1996). Such standardisation simplifies the comparison of different countries’
economic structures and also facilitates the calculation of energy intensities
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of different economic branches.
Input-output tables permit more sectoral differentiation than other mod-

els. The Swiss IO-table of 2001, for example, has 43 sectors (Nathani et al.,
2006).

However, the data in input-output tables do not usually change over
time, since they are based on empirical production and investment data,
and those matrices are not projected into the future. Therefore, most input-
output models can only be used for short-term projections, not those in-
volving technological change. On the other hand, standardisation and the
frequent updates posted by some countries mean that a temporal projection
of the coefficients is feasible for the short-term. Additionally, these tables do
not take into account substitution effects by changes of prices (e.g. fuel sub-
stitutions). Some notable input-output tables have been used for analysing
energy issues such as the Swiss input-output table of 2001 by Nathani et al.
(2006) (see also Nathani, 2006); or, more closely related to energy modelling,
an analysis of renewables in rural Japan (Itoh and Nakata, 2004).

1.2 Bottom-up energy models

Bottom-up models (sometimes defined as process-oriented or engineering-
economic models) are the other important category of energy models. Their
focus is on microeconomics and/or technology; they generally simulate tech-
nology penetration and evolution.

As the diffusion of new technologies is quite unpredictable, such mod-
els cannot be used for long-term (50–100 years) predictions where specific
technologies have short lifecycles. On the other hand, bottom-up models
are well-suited for the evaluation of technology-oriented energy policies, in-
cluding policies that are not driven by price, but by, for example standards
and labels. Bottom-up models give more detailed results on the effects of
the various policies (see Table 1.2).

1.2.1 Partial equilibrium models

Partial equilibrium models have a lot in common with general equilibrium
models (described in Section 1.1.1). Unlike the CGE models, however, the
partial equilibrium models usually analyse only one sector (e.g. the transport
sector) without taking into account important macroeconomic effects, e.g.
changes in demand or price). As with the CGE, the supply and demand
must be in equilibrium, and these models maximise the demand side. An
advantage to the CGE models is the fact that partial equilibrium models
usually contain much more technical detail for those sectors they cover.

POLES (“Prospective Outlook on Long-term Energy System”, e.g. in
Criqui et al. 2001) is one partial equilibrium model used both for Europe
and the rest of the world. Because of its extensive technological detail in
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Table 1.2: Different types of bottom-up energy models, their country application
and major authors.

model name characteristics selected references

Partial equilibrium models

POLES Europe, World Criqui et al. (2001)

Optimisation models

EFOM Rahimi et al. (1989)
MARKAL class

MARKAL framework Seebregts et al. (2002)
MARKAL-GE Canton of Geneva Fragnière and Haurie (1996)
EuroMM
TIMES Loulou and Labriet (2007)
MESSAGE III non-deterministic Messner et al. (1996)

Simulation models

NEMS U.S. EIA (2007)
LEAP framework, at LEAP (2007)

country level
CIMS Canada
EERA New Zealand
ENUSIM U.K.
ICARUS the Netherlands

CEPE cohort class
SERVE Switzerland Aebischer and Catenazzi (2007)
SERVE-ZH City of Zurich Boulouchos et al. (2007b)
SERVE-E Europe (29 countries) Jochem et al. (2007)
RESIDENT Switzerland Boulouchos et al. (2006a)
RESAPPLIANCES Switzerland Boulouchos et al. (2006a)
RESIDENT City of Zurich Boulouchos et al. (2007b)
RESAPPLIANCES City of Zurich Boulouchos et al. (2007b)
RESIDENT Europe (29 countries) Jochem et al. (2007)
RESAPPLIANCES Europe (29 countries) Jochem et al. (2007)

Multi-agent based models

PowerACE Germany, Europe Sensfuss et al. (2006)

EFOM: Energy Flow Optimization Model
LEAP: Long-range Energy Alternatives Planning system
MARKAL: MARKet Allocation
NEMS: National Energy Modeling System
POLES: Prospective Outlook on Long-term Energy System
TIMES: The Integrated MARKAL-EFOM System
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energy supply and demand, it bridges macroeconomic models and detailed
bottom-up models. It is also suited for long-term projections (e.g. until
2050).

1.2.2 Optimisation models

The optimisation models are designed to find the optimal technological path
to reach a target (e.g. limited CO2 emissions) or the optimal path with min-
imum associated costs (over the entire period). The least costly replacement
and the minimum additional investments are chosen for the simulated time
horizon. The energy prices and their quantities are assumed to be in equi-
librium in each time period.

The MARKAL and TIMES models (Seebregts et al., 2002; Loulou and
Labriet, 2007) can also handle some external costs and endogenous techno-
logical learning and can represent uncertainty in some model parameters.

There are three important families of optimisation models: MARKAL
(MARKet ALlocation) see e.g. Seebregts et al. (2002); EFOM (Energy
Flow Optimization Model) introduced by Rahimi et al. (1989); and TIMES
(The Integrated MARKAL-EFOM System), which integrates MARKAL and
EFOM, documented in Loulou and Labriet (2007). Among these three
groups (MARKAL, EFOM and TIMES), there are several models that deal
with the global scale with 15 world regions, until 2100 (i.e. EFDA-TIMES),
the regional scale with 28 European states, until 2050 (TIMES-PEM), the
national level (e.g. Switzerland, in Kypreos, 1996), and the local level (e.g.
Geneva, in Fragnière and Haurie, 1996). These models also have numerous
hybrid variations, combining partial equilibrium and general equilibrium
models.

Additionally, there is a Monte Carlo (that is, non-deterministic) variant
of the optimisation models: MESSAGE III. This model allows for the iden-
tification of uncertainties within given ranges of parameter figures (Messner
et al., 1996).

1.2.3 Simulation models

The simulation models (often defined as technology-based models), are an-
other kind of bottom-up model. These models simulate energy-consuming
and energy-converting technologies, the diffusion of such technologies (sup-
ply and demand side) and related investment and operating costs. Given
this structure with drivers and technologies, the calculation of energy supply
and demand is a complex aggregation of data. Because of the clear structure
of data and relationships (most of them imposed exogenously), the results
and the dynamics are very transparent — which is one reason for the pop-
ularity of such models in government agencies. Another reason for their
appeal is that they can be used quite successfully for technology-oriented
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policy analysis.
On the other hand, without additional corrections, these models have

limitations: they can miss rebound effects, changes in energy prices, changes
in products, etc. Also, because these models are technology-driven, they
tend to be quite optimistic, modelling the diffusion of new technologies with-
out considering economic, behavioural, informational, and legal obstacles.

The energy policies are simulated by inducing changes in prices (e.g.
creating or increasing taxes), reducing investment costs through new subsi-
dies, etc. This creates a built-in preference for more efficient technologies or
technologies with low conversion costs.

Several simulation models are available, developed mainly for govern-
ments’ and utilities’ use, e.g. SERVE for Switzerland (Aebischer and Cate-
nazzi, 2007, partially described also in this thesis), NEMS for the U.S. (EIA,
2007), LEAP (2007), primarily for developing countries, CIMS for Canada,
EERA for New Zealand, ENUSIM for the United Kingdom, ICARUS for
the Netherlands (see Table 1.2).

1.2.4 Multi-agent based models

Multi-agent-based models are a new category of model. These models are
based on the choices of different groups of stakeholders or energy users.
This generally leads to a non-deterministic model: the defined agents (cat-
egories of energy users, building owners or investors, industrial producers,
etc.) make their own choices, taking into consideration their preferences
and decision-making environments (technology availability, prices, policy
context), their competitors’ choices, manufactures or retailers, and some
random components. In this type of model it is possible to model different
groups’ decision patterns, such as innovators, early adaptors, followers and
late-adaptors, thus generating more information about choices, obstacles,
and the non-optimal diffusion of new technologies (see e.g. ACE (Tesfat-
sion, 2003), and PowerACE (Sensfuss et al., 2006)).

The disadvantage of this new model type is the tremendous amount
of data it requires to characterise agents’ behaviour. Therefore, very few
applications of this type of model currently exist .

1.3 Hybrid model systems

Models — or more appropriately described — model systems which to some
extent combine the methods, the limitations, and the assumptions of two
different types of models are called hybrid models or hybrid model systems.

Loose interaction between models is common: for example, the techno-
logical progress captured by one model is often imported into macroeconomic
models, just as macroeconomic projections of past years are imported into
bottom-up models. More such interaction is needed in order to efficiently
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describe new scenarios and foster a better understanding of policies in terms
of their economic impact and of technology diffusion and its progress.

For this reason, energy analysts are looking at two options. The first
is improving existing models by integrating some characteristic(s) of other
model types, e.g. adding the sectoral and technological differentiation of
the CGE models, in order to better capture the technological dynamics
(Böhringer, 1998; Böhringer and Rutherford, 2006) (see Section 1.3.1). The
second option is the development of hybrid model systems: completely in-
tegrating two (or possibly more) models of two different types (see Sec-
tion 1.3.2).

1.3.1 Sectoral or selective hybrid models

Several currently-used energy models have been constructed from one main
model, with the addition of one (or more) sub-models, that either provide
extra technical details or depict the economy in a simple form.

The addition of sub-models is especially prevalent among macroeconomic
models where the main focus is the macroeconometric picture and the ad-
ditional information, such as the electricity supply sector or the emissions,
is calculated in a smaller add-on sub-model in order to differentiate the
technologies of power generation or transport modes and technologies (see

Table 1.3: Selected hybrid energy models and hybrid model systems.

Model name characteristics selected references

Macroeconomic model with bottom-up energy supply model

MIND World, econometric
with climate model Edenhofer et al. (2006)

MERGE to 2150, World Kypreos (2005)

Bottom-up with some limited macroeconomi submodel

MARKAL-MACRO framework Manne and Wene (1992)
Switzerland Kypreos (1996)

MESSAGE-MACRO Messner and Schrattenholzer (2000)
TOCSIN GEMINI-E3, TIMES http://tocsin.epfl.ch/

Ad-hoc hybrid systems

SCREEN Switzerland Kumbarolu and Madlener (2004)

Hybrid model systems

ADAM-M1 Europe Jochem et al. (2007, 2008)
TRANSFORM macro to bottom-up see also Chapter 5
IMPULSE bottom-up to macro see also Chapter 5

Energy Navigator Switzerland Boulouchos et al. (2006a)

MERGE: Model for Evaluating Regional and Global Effects
SCREEN: Sustainability Criteria for REgional ENergy policies
TOCSIN: Technology oriented Cooperation and Strategies in India and China
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Schade, 2005). Sometime this is done with a two-way link between the two
types of models (Barker, 1999).

General equilibrium models have some foundation in microeconomic and
sectoral elements. Thus Böhringer (1998), for instance, enhances the CGE
models to include the sort of technological details in the electricity supply
sector normally included by bottom-up models. As another example of a
partial equilibrium model, the POLES model (Criqui et al., 2001), enhances
sectoral and geographical layers in order to simulate some macroeconomic
effects.

Some bottom-up models may also have a small sub-model of the macro-
economic type. For example, the MARKAL model family incorporates mod-
els which link to other sub-models: e.g. MARKAL-MICRO is a optimi-
sation model of type MARKAL which links to another bottom-up model
(in this case a partial equilibrium model), to general equilibrium mod-
els (MARKAL-ED), or to highly aggregated macroeconomic models (e.g.
MARKAL-MACRO, MARKAL-MACROEM; see also Table 1.3).

For Switzerland, a simple hybrid model SCREEN (Kumbarolu and Mad-
lener, 2004) has also been developed. But for simplicity, it lacks details at
both the macroeconomic level and at the technological level.

In the literature these models are often called hybrid models, but in
this thesis this type of model is called a “sectoral or selective hybrid model”
in order to differentiate between this type and fully-sketched hybrid model
systems (see below). These limited hybrid models still have the disadvantage
of being too simplistic in those technical or macroeconomic areas where they
do not reflect technical detail (often energy demand) or economic detail
(often employment, structural change, or changing trade patterns).

1.3.2 Multiple models and energy hybrid model systems

When the two different types of models, i.e. one (or more) macroeconomic
model and one (or more) bottom-up model are linked together, they form
a hybrid model system. The link between the two types of models may
be a soft link in which modellers handle the data, checking, adapting, and
transforming them as needed. The other option is a hard link whereby the
data are transferred directly in an automatic manner.

Two such systems implemented over the last few years are described
in Chapter 5 as examples of a selective hybrid model: the Swiss Energy
Navigator (Boulouchos et al., 2006a), and the ADAM M1 hybrid model
system (Jochem et al., 2007, 2008, 2009). The second example is a major
step forward in energy-related analysis and simulation and could only be
implemented in a large group of research institutes in Europe.
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1.4 Specific aspects of energy modelling

As this thesis addresses specific issues of energy demand and supply analysis
and projection, these aspects are discussed in the following sections in a short
review. In it, the limitations of applied research are described in order to
indicate this dissertation’s opportunities for progress in this area.

1.4.1 Deterministic and non-deterministic approaches

Most of the currently-used models are deterministic, i.e. every simulation
with the same given data produces the same results. The word “deter-
ministic” does not mean that the models do not use probabilities (e.g. for
technology diffusion), but it does mean that the model does not use random
(stochastic) variables or randomly-modified quantitative relationships.

Stochastic approaches often converge faster to the expected result, i.e.
they require much fewer computational resources. These approaches are
usually applied when the data are numerous or when using complex meth-
ods (i.e. decision analysis) where classical deterministic approaches are not
feasible. One stochastic method is a multi-agent simulation, a Monte-Carlo
method that simulates decisions (technology, fuel, behaviour, etc.) by a
number of stochastic agents. In energy modelling, this method is used e.g.
by the groups LASEN and LENI at EPFL1,by PowerACE (Sensfuss et al.,
2006), and it was used by Konersmann (2002) for simulating the decisions
in favour of new technologies in an industrial branch. Other stochastic
methods (i.e. non multi-agent simulations) can be found in macroeconomic
models, e.g. in E3ME (Barker, 1999), or at a lower level, to solve complex
mathematical systems.

The advantage of such methods is the speed of calculation, which is
especially important compared with deterministic models when the dataset
is huge. Additionally, when the data are not so accurate, in order to provide
good analysis and results, the deterministic models require many sensitivity
runs at best, one or more runs for every exogenous datum. In multi-agent
models, input data can be varied inside the calculation during the run,
such that within a few runs the models can produce a mean result and an
estimation of the variation, according to the uncertainty of inputs.

Deterministic methods have the advantage of producing the same results
for the same input data, thus allowing a faster understanding of model
relationships and data at a high level of transparency: in a single run the
underlying elasticities (and in general the changes) are easily detected, even
with very small effects. In this case the multi-agent simulation methods
require many more runs and computer time to remove the expected small
stochastic effects.

1Industrial Energy Systems Laboratory (LENI) and Laboratory of Energy Systems
(LASEN) at the École Polytechnique Fèdèrale de Lausanne (EPFL)
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A second advantage of multi-agent simulation models is the ability to
simulate decision making at several levels in parallel in a simple way. A
decision is taken stochastically in these models by a certain probability ac-
cording to exogenous and endogenous parameters and is integrated within
the model framework.

Thus, multi-agent-based simulation models can — in principle — simu-
late and better examine decision making at several levels (technology, fuels,
investment cycles, and possibly macroeconomic choices as sectoral changes).

However, the data demands for reflecting the decision behaviour and the
different agents (or stakeholders) are at least one to two orders of magnitude
higher than in the case of deterministic models (see Konersmann, 2002). On
the other hand, in the deterministic models, the decision making is reflected
in a transparent but extremely simple manner. Decisions are aggregated
and taken from empirical data and with known limitations.

1.4.2 Differentiated simulation of the building stock and of
heat generation

The long reinvestment cycle of buildings, along with a potentially huge im-
provement in energy efficiency during the refurbishment of buildings, clearly
make the understanding of the building stock and building dynamics a pri-
ority for the long-term effect of technical energy policies in this sector (see
Chapter 4).

Thus, policy-oriented energy modelling should be based on an extensive
knowledge of the building stock and its dynamics (e.g. retrofitting of façades,
roofs and doors and the heating system), in order to produce good results in
a medium-to long-term period in bottom-up models. Despite this need (for
modelling), a major challenge is the availability of building data, especially
energy-relevant data. The data are lacking on several levels:

• usually the number of buildings is available in official statistics, mainly
for planning purposes, and the total floor area of the building stock
can be estimated with specific data of the floor area per person, per
dwelling, or per building. The year of construction of a building may
be known; however, the number of such buildings of this construction
year that have been demolished is often not covered by statistics. Thus,
the structure of the existing building stock is an important issue for
energy modelling. Recession periods or periods of high migration (as
observed in eastern Germany in the last 15 years) make the data on
floor area more uncertain.

• Further splits of stock are even more difficult to calculate, and on
this there is little literature, e.g. the split in purpose (residential or
commercial). Additionally, the split in commercial sub-sectors is diffi-
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cult to obtain without large and detailed surveys; the same applies to
single- and multi-family houses in several countries.

Because existing databases were oriented towards planning purposes,
they normally lack energy-relevant data, i.e. data needed to derive building
efficiencies such as cohort data (construction year), type of insulation, and
number of retrofittings. For example, in some bottom-up models, the U.S.
NEMS (EIA, 2003c) distinguishes only two categories (“cohorts”): old and
new buildings. The worldwide model POLES (Criqui et al., 2001) has no
cohorts distinguishing the year of construction or of branches, and the model
MURE (2008) (which is much more oriented towards short-term (about a
10 years’ time horizon) policy making and single building models) has three
cohorts: old (no insulations), intermediate, and new; which are defined by
type of insulation and not by year of construction.

These data limitations also very much influence the model structures.
Existing surveys on regional level or on specific target groups are used to
differentiate the building data and allow for more differentiation of the build-
ing stock, its insulation status, and the heat-generating stock (Catenazzi and
Jakob, 2006).

In order to make these “educated estimates” of energy-related data of
buildings, precise physical building models are used to calculate heat and
energy demand from detailed building structures, internal heat loads, and
the local climate. Such models were originally developed for architects and
building engineers to optimise heating systems and insulation (SIA) or for
energy policies (MURE). Such physical building models are very precise,
but they require an extensive data set with many details on every single
building (e.g. building orientation, type and size of windows and walls for
each side). These models are applied to “typical” buildings representing
certain construction periods, insulation levels, and ranges as well as the
heat-generating technology. Bottom-up models can use such information to
structure the building stock of a country in its dynamics and energy-relevant
characteristics. This information can also be used to evaluate policies, cost
curves, and additional “improvements”, e.g., in this study, insulation’s effect
on the comfort level in buildings (Catenazzi and Jakob, 2006), or the effects
of a warmer climate (Jakob et al., 2008).

1.4.3 Economic evaluation of energy policy and induced in-
vestments

Economic evaluation of investments in energy efficiency and substitution is
required by policy makers in order to evaluate and set priorities for new
energy policies. Economic evaluation can be made at different levels of
perspectives:

• Bottom-up models often take a business view (e.g. time needed to make
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decisions, to learn new technologies) and focus on microeconomic costs
(e.g. investments, saved energy costs, changed operating costs). These
do not include transaction costs (see Section 1.4.5) and often also ex-
clude co-benefits of the investments (see 1.4.4). However, these models
can handle changes in the cost of new technologies. New technologies
are often initially expensive due to small production series and little
knowledge, but with increasing market diffusion and larger production
series their cost tends to decrease. A discussion of the cost of technol-
ogy diffusion incorporating learning and scale effects can be found in
Jakob and Madlener (2004). Thus, the detailed technical level char-
acteristic of most bottom-up models creates the basis for generating
better cost estimates (see Section 2.2.6).

• Macroeconomic evaluation also considers other types of costs and ben-
efits (e.g. indirect changed flows, changes in productivity, employment,
income, and taxes). Politically, the effect on GDP (i.e. income) and
redistribution (costs accruing to different groups) are the most impor-
tant items to evaluate. The interest rates assumed do not include risk
aspects; however, the costs indirectly include transaction costs. An
example of a review of macroeconomic energy models, with a descrip-
tion of different macroeconomic costs methods, is Dannenberg et al.
(2008).

• As macroeconomic evaluation does not include external costs stem-
ming from energy use and conversion (e.g. health and corrosion effects
from conventional air pollutants, adaptation, and the residual damage
cost of climate change), a full welfare economic evaluation is gener-
ally not done, particularly as external cost are diffcult to monetarise
(IPCC, 2007).

This thesis evaluates only the two first types of cost and benefits. Macro-
economic costs and effects are briefly presented in the corresponding chapter
(see Section 5.2.3).

1.4.4 Co-benefits at the useful energy level

In recent years, a new element of economic evaluation of energy-efficient
solutions has been identified in system analysis research for considering in-
dividual investments at the useful energy level. A typical example is the
investment in control techniques in industrial production. The beneficial
impact of this investment may be not only saved energy costs but also im-
proved product quality and capital and labour productivity. This means
that even at the level of business economics, the benefits of energy efficiency
investments have been underestimated where these co-benefits have not been
included (Jochem et al., 2000; Research, 1998)/
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This section briefly reports on these issues, presenting some case studies
on buildings. It provides first results of this aspect of economic evaluation
at the useful energy level, lessons from which may be used to enhance costs-
benefit analysis in future bottom-up models.

Separate private and public co-benefits can be distinguished. Ott et al.
(2006) argue that the co-benefits at the business level can have a major effect
on the net marginal cost of insulation investments in buildings, and they
illustrate the inclusion of such benefits in the business economic assessment
(see Figure 1.2).

Source: Jakob (2007)

Figure 1.2: Marginal cost curve for insulation investments with consideration
of selected co-benefits (greater comfort, protection against external
noise, better room air quality due to ventilation systems), case study
with oil heating.

For the quantification of the increase in living comfort, empirical inves-
tigations on thermal comfort were used. These were based on differences
between wall temperature and indoor air temperature, as well as current
conditions in the living space. As long ago as the 1970s (Fanger, 1970, ; and
others) discovered that a reduction of about 5◦C in the temperature differ-
ence between the wall of a room and its average air temperature enables
a decrease in the room temperature by 1◦C without affecting the comfort
level. The consideration of this effect, however, only leads to relatively small
benefit of, at best, a few cents of CHF per kWh of saved energy for heating.

The replacement of old double-glazed windows, the installation of double-
or triple-glazing with asymmetrical glass construction and special glass types,
the renewal of roller blind casings as well as (heavy) insulation material made
from mineral substances (and installed in roofs) all help to reduce the trans-
mission of external noise to the interior of buildings. A quantification of the
noise reduction can be obtained by estimating the reduction of the noise-
associated costs. These noise costs were empirically observed, among others,
as rent losses as a function of noise pollution. They have been estimated at
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0.6–0.9% per each additional dB by different studies (e.g. Ecoplan, 2000).
As a rough estimation, Jakob et al. (2006) quantifies these economic losses
as a reduction by 50% if a new window replaces an old window without the
use of a rubber seal. Old windows reduce the level of external noise in the
interior of the building by about 20–25 dB, whereas new ones achieve 33–
35 dB. Even 38–40 dB reductions are possible if (asymmetric) triple glazing
is applied. Hence, triple glazing offers further energy efficiency potential.
Thus, in noisy locations, an improvement of 10–15 dB could result in gross
economic benefits (of reduced economic losses) up to 3.7% of the rental
income. Also, insulation measures using mineral materials in roofs are of
relevant significance (in particular against air traffic noise or traffic noise
transmitted over large distances).

To conclude, Jakob (2007b) and Ott et al. (2006) show that the selected
examples of heat protection of windows and roofs have a substantial eco-
nomic value for avoiding external noise.

They also hint at the improvement of indoor air quality and related
increased comfort by using ventilation systems in low-energy houses and
buildings. For example, better air quality in flats of residential buildings
located in heavily affected neighbourhoods (e.g. near busy roads or at in-
dustrial sites) is achieved as a co-benefit of low-energy buildings with a
ventilation system filtering the outside air through ventilation systems, by
drawing it in from the part of the building turned away from the road, or
both. The quantification of these effects, however, is generally very difficult.
Expressing these effects in monetary terms has to be attempted using epi-
demiological analyses for the respective diseases, econometric methods on
revealed preferences (rental or selling prices), or empirical studies on stated
preferences (direct or indirect willingness to pay).

Ott et al. (2006) report first results of a current empirical study indi-
cating a willingness to pay for so-called comfort air renewal systems of 5%
of the rental fee of apartments in new buildings. If this kind of benefit is
deducted from the cost of the air renewal system, only the remaining part
needs to be attributed to the gained energy efficiency. After this is done,
the marginal cost of energy efficiency drops dramatically (see arrow in Fig-
ure 1.2). As a consequence, the merit order of the efficiency investments and
organisational measures of cost-efficiency curves could change substantially.
This presents a new issue in bottom-up modelling in the future.

1.4.5 Simulating transaction costs

One major drawback of process-oriented models today — and their disad-
vantage in relation to macroeconomic models — is the fact that in most cases
the economic evaluation performed at the project level does not include any
transaction costs (DeCanio, 1998; DeGroot et al., 2001). Transaction costs
are defined as costs incurred by the investor in searching and making market
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surveys to find appropriate solutions, in planning and consulting expenses,
in sending out tenders and evaluating them, and in preparing the decision
of the board or the relevant level of the management in a company. Trans-
action costs play a major role in small energy efficiency investments, and
neglecting them can lead — particularly in optimisation models — to decep-
tively fast technological changes in efficiency and substitution options and
other misleading results (Ostertag, 2003; Jochem, 2003).

The transaction cost concept was first introduced by Ronald Coase (1937),
who illustrated their existence by describing the different activities necessary
to use the market price mechanism for the exchange of goods. Transaction
cost economics assumes costly information, bounded rationality, and op-
portunistic behaviour. From the perspective of total cost evaluation, the
transaction cost can be substantial, particularly in the case of small invest-
ments requiring high levels of know-how.

This is the case with small energy efficiency investments, where the trans-
action cost can reach the same level as the investment itself, becoming a
major obstacle in small and medium businesses as well as in private house-
holds and small public authorities (Ostertag, 2003). This is why in many
countries, consulting or professional training for these target groups is sub-
sidised. In principle this means that each investment in energy efficiency
or energy substitution investment has to account for the related transaction
cost. However, although this has been identified as an unacceptable simpli-
fication in process-oriented models (Ostertag, 2003), the author is not aware
of any bottom-up model that explicitly takes up the transaction cost.

The reason is quite simple: there has been no specific empirical research
published in the field of transaction costs. In addition, the transaction
costs are rather high when the technology is new and little is known about
its benefits. However, with increasing market diffusion, transaction costs
of these technologies tend to decrease. The author is familiar with some
empirical efforts for small and medium-sized companies participating in local
learning efficiency networks in Switzerland and Germany (Kristof and BFE,
1999; Konersmann, 2002; Jochem et al., 2006; Jochem and Gruber, 2007);
however, the results have not yet been published and are still at a non-
representative level.

Ostertag (2003) points to the fact that in principle, transaction costs
are a phenomenon that concerns all markets in the same way. For example,
if information and searching for the right solution comes with a cost, the
degree to which actors are informed will not be “complete” but rather will
be a result of a trade-off between the costs and the benefits of additional
information (Conlisk, 1996). This means, however, that the investor has to
have an idea of what the benefits of additional information would be. If he
underestimates the benefits, he may not search for additional knowledge on
which to base his decision, which may particularly be the case in investments
of minor significance.
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In contrast to the process-oriented models, the econometric and macro-
models include the transaction cost, but not explicitly. Thus, these models
are more likely to adequately simulate the effects of transaction costs; how-
ever, if additional policies try to reduce transaction costs, there are no data
available on the potential impact of policies such as subsidised consultancy
or local learning networks in the macroeconomic models as they are not
explicitly calculated. In principle, the process-oriented models do have the
potential to simulate the impact and effectiveness of those policies if empir-
ical data on the transaction costs become available.

1.4.6 Linking the results of process-based models and macro-
economic models

Generally, interaction between bottom-up models and macroeconomic mod-
els is lacking, although in recent years new ideas and implementation of
hybrid models have been published (see Section 1.3). Such links are impor-
tant because bottom-up models cannot simulate the economic changes and
evolution in a complete manner, and conversely macroeconomic models can-
not exactly predict the technological changes and simulate detailed policy
impacts.

Hence, there is a need to link these two “worlds”. Some models (e.g.
NEMS) simulate the local economic environment, and the models then simu-
late the technological changes according to the macroeconomic results. This
method suffers from the limitation that the technological changes do not af-
fect the macroeconomic world. Therefore, in principle experts should man-
ually check and correct the data so that the two worlds provide a similar
view.

Links from bottom-up to macroeconomic models presently are not of-
ten implemented. The additional investment costs from bottom-up models
should be complete i.e. cover all sectors. However, until now there has only
been information on discrete investments possible in the conversion sectors
for electricity or heat generation. Therefore, most of the links from bottom-
up to macroeconomic models are limited to power generation. The major
methodological barrier is the fact that hundreds to thousands of different
energy efficiency investments in industry and the tertiary sector, but also
in private households, are possible, while all their additional investments to
achieve additional energy efficiencies are unknown or not feasible for all the
types of investments made in every sector. The monetary figures of these
investments have to be calculated using new methods before they can be
transferred to macroeconomic models. This thesis develops and implements
such new methods of economic evaluation in order to allow complete invest-
ment information generated by the bottom-up models to be transferred to
macroeconomic models (see Section 2.2.6.2).
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1.4.7 Introduction of climate change in energy demand mod-
els

Only in recent years has the impact of climate change on energy systems
been researched in a more systematic manner. The global and local climate
models are now capable of calculating climate data on regional levels in a
manner accurate enough to be useful for energy analysis. Currently the
available data from global climate models is mostly in terms of daily or
hourly temperatures. Unfortunately, data on changing solar radiation, wind
and storms, precipitation, and heat waves are mostly incomplete: they need
a much denser grid and more detailed geography. Although geographical
data are now available for short-term weather forecasts, the calculations
for changing probabilities and intensities for extreme events are still in a
preliminary state.

Impacts on heat demand Research about, and data on (daily and sea-
sonal) impacts of weather2 are available and used (mainly for explaining or
projecting short-term damages to fuels, e.g. for heat demand). The main
uses are:

• building design, e.g. to have a sufficiently capable heating system for
the coldest periods (weather impacts on the building dynamics have
effects lasting several weeks, due to the high building masses);

• energy modelling, to compare statistical and survey data, which are
dependent on actual weather, with the energy models, which use mean
weather because of weather’s limited predictability.

A common method to describe the impacts of weather is the use of
elasticities against the heating degree days (HDD). For the days during
which mean temperature is below a critical point (e.g. 12◦C for Swiss studies,
see e.g. Hofer 2003), a heating degree day is defined as the sum of the
difference between the mean temperature and a second parameter (usually
18◦C, or 18.2◦C in countries with statistics in Fahrenheit degrees). The
elasticity against HDD is usually defined as 1 for the energy demand for
heating (without hot water) or a factor which describes the non-hot water
part of fuel consumption (e.g. 0.7 in Switzerland). These three parameters
are usually country-specific and statistically derived, reflecting the specific
climate of a region or a country.

Hofer (2003) has studied other climate effects and started to build models
instead of statistics. From building simulations, he obtained cohort-specific

2In this thesis, we use the following terminology: weather for short-term temperatures,
solar radiation, wind, etc.; and climate for long-term weather means. Note: In order to
model long-term climate changes, we use a 20-year mean, in order to eliminate the weather
impacts and to see the long-term heating of the atmosphere.



1.4. SPECIFIC ASPECTS OF ENERGY MODELLING 23

values for different types of buildings and specific values for both heat and
hot water generation. For example, old heating systems are much less effi-
cient in temperate weather, but new heating systems have a similar efficiency
at different loads. From this study, Hofer found that response to climate is
not elastic, and additionally the response is cohort-dependent. Furthermore,
the solar radiation has a non-negligible impact, partially in buildings with
large shares of window areas in the total façade area.

These studies are still designed for short-term weather impacts: e.g. they
do not account for possible changes in insulation levels that warmer winters
may engender.

However, if average temperature in the winter season — and hence the
heating degree day figures — in moderate climates is changing significantly,
this will have to be reflected in long term energy modelling, particularly in
the residential and service sectors because of their shares in energy demand
for heating. Therefore, the author has developed a method to take into
account impacts of climate change on long-term heating demand in moderate
climates (see Section 2.2.3).

Impacts on cooling demand Research on the impacts on cooling de-
mand is still in its infancy. Climate impacts on cooling and air conditioning
are of two types: additional cooling energy needed in a warmer climate (e.g.
south Italy or Spain), and the additional di.usion of ventilation and air con-
ditioning because of increasingly uncomfortable weather conditions due to
long-term climate change.

In the market penetration of air conditioning, considering local climate
variations, the most cited study is Sailor and Pavlova (2003), which analysed
the market penetration of air conditioning in different cities of the U.S. and
correlated the data with conditions in the local climate. Further studies im-
proved the Sailor model to use outside of the U.S., e.g. McNeil and Letschert
(2007), with its focus on developing countries, thus adding the pronounced
influence of per capita income.

Additionally, Adnot analysed the air conditioning market (residential
and commercial, room air conditioning, and central air conditioning) in a
few European countries, (see i.e. Adnot, 2003; Riviere et al., 2008), using the
above-cited studies Adnot (2003) also tried to extend data to other Euro-
pean countries. Using the results of these studies and further simulations in
building models (Jakob et al., 2008), the author developed and implemented
two climate sub-models (see Sections 3.1.2 and 4.1.8).
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Chapter 2

Objectives and
methodological approach

This chapter starts by describing the objectives of this thesis and the chal-
lenges it takes up of furthering methodological improvements of bottom-up
models. Thereafter, it outlines the methodological approach to describe the
progress that has been made in conceptual areas and to introduce some of
the applications, which will be explored in depth in Chapters 3 to 5.

2.1 Objectives

Existing bottom-up energy models have many drawbacks, and their room for
improvement is large (see Chapter 1). Improved according to specific ques-
tion and issues, they have the potential to support macroeconomic models,
incorporating technological change and more precise information concerning
investments and changing costs and their effects They should then also be
able to accommodate changes stemming from policies as well as endogenous
technological change. The analysis here follows a selected set of objectives,
all of them contributing to:

• a higher degree of detail and accuracy of different existing bottom-up
models and simulations of various effects of climate change over the
next decades, particularly for buildings, private households and the
service sector;

• broadening the economic evaluation of simulated final energy sectors
by adding cost calculations for energy efficiency and substitution in-
vestments, including co-benefits and transaction costs;

• and advancing the progress of hybrid models by beginning to forge
links between sectoral bottom-up models and macroeconomic models.

25
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One of the objectives of this thesis is to apply some of the methodological
progress achieved in bottom-up models to two final energy sectors (residen-
tial and services sectors) where existing models have been further developed
(see Chapters 3 to 5). Finally, based on the developed concepts and the
experience with the models’ implementation, recommendations for further
research and several policy conclusions are offered (see Chapter 6).

The objectives of this thesis outlined above are rather general; more
specifications of concrete partial objectives are described below.

2.1.1 Improvement of process-oriented models simulating the
development of buildings

Buildings represent a large amount of final energy demand as well as a sub-
stantial part of the energy-related greenhouse gas emissions in industrialised
countries. In bottom-up models’ simulations of buildings, with their long re-
investment cycles, their variety of building types and technical equipment
in the residential and service sectors, and with their different options of
refurbishing, existing bottom-up models impose substantial limitations by
simplifying many of these aspects (see e.g. Chapter 1; Jochem et al. 2003b).
This thesis tries to improve two aspects of the status quo:

1. Retrofitting: In many of the current bottom-up models, retrofitting
(which includes energy-related measures) is often captured by rather
simple structures and relationships such as its classification in only
two generic types of refurbishing, partial retrofitting and full retro-
fitting. There is scarcely a differentiation of insulation measures (e.g.
windows, walls, roofs), nor is there a sufficiently differentiated cohort
simulation that takes into account the technical standard of a building
according to its construction year. As analytical results suggest (see
Jakob et al., 2002, 2006), these aspects are important for an adequate
simulation of retrofitting buildings in terms of technical characteris-
tics and re-investment cycles. Therefore, one subtask of this thesis
is to differentiate retrofitting of buildings in the residential sector by
including single components (roofs, windows, walls, heating and air
conditioning) in addition to existing structures in the heating system.

2. The importance of simulating energy performance of buildings in co-
horts: Buildings have a very long re-investment cycle of some 30 to
60 years depending on their purpose (residential, commercial, public)
and their owners’ decision making. After the first oil price crisis in
1974, building codes for new buildings were introduced in all OECD
countries and since then have been tightened in certain periods. In
some countries, standards are also applied for retrofitting of buildings
when they are majorly refurbished. Therefore, one subtask was the
development of a cohort model in the residential and service sector in
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order to simulate such aspects. The implementation of a cohort model
for residential and office buildings is totally dependent on available
data, which are very poor in most OECD countries. Since Switzerland
has one of the most well-documented building stocks, the concept was
applied to this country.

All the data and the simulations can be managed in yearly steps, allowing
fine-tuning of policy implementation (especially at the start) where yearly
data are available.

2.1.2 Transforming the drivers for bottom-up models using
macro-level models

The more detailed the structure of the bottom-up model, the more effort
has to be devoted to transforming the information from macroeconomic and
demographic models into the values of the drivers used in the bottom-up
models. For example, the investments in the building stock projected by
a macroeconomic model have to be transformed into a development of the
floor areas of newly-built houses and buildings in the residential, service, and
industrial sectors. As several scenarios with variations in investments and
population may be needed, the transformation from the macro to the micro
level of the bottom-up model has to be reflected in a relationship that must
be specified by empirical data, assumptions, and econometric analyses. One
of the subtasks, therefore, was to give examples of the transformation be-
tween the macro and micro level in their implementation in the new models
built over the course of this thesis.

2.1.3 Identifying and integrating co-benefits in economic eval-
uation

Energy efficiency investments at the level of useful energy often go hand in
hand with additional benefits to the investor or user of that technology (e.g.
noise protection by double or triple glazing; Jakob et al. 2002; Ott et al.
2006). However, in almost all existing bottom-up models, these effects are
not considered in any case, mostly for lack of data but also often owing
to the analysts’ lack of conceptual awareness of the effect. Therefore, one
further subtask of this thesis was to integrate this aspect of co-benefits into
cost calculation in bottom-up models and to give some examples of how
this effect can influence the gauge of the economic attractiveness of energy
efficiency measures.
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2.1.4 Adding climate change effects on energy demand for
heating and air-conditioning

Long-term projections of energy demand in Europe and elsewhere have to
take into account changes in climate. Depending on the geographical posi-
tion (including maritime or continental climate) and the projected increase
of greenhouse gas concentrations in the atmosphere, energy demand projec-
tions have to consider warmer winters and warmer summers in most cases.
In the last few years, climate change projections and related temperature
profiles have become more reliable (IPCC, 2007), presenting the need to
integrate these into bottom-up models.

Integrating this aspect was, therefore, a subtask of this thesis. The
author was involved in Adaptation and Mitigation (ADAM, 2006), an inte-
grated project of the European Commission, designed to identify the adap-
tation of the energy system and the related cost of adaption to climate
change.

2.1.5 Changes of cost of the energy system in policy scenar-
ios — feedback to macro models

Most of the above suggestions to include various effects in bottom-up mod-
els cannot be explicitly implemented by macroeconomic models because of
their lack of technological detail and differentiation, although some of the
effects may be handled implicitly (e.g. transaction costs). Overcoming this
limitation requires an integration of the results stemming from bottom-up
models into macroeconomic models in order to project the impacts of a pol-
icy (or mitigation) scenario at the macro level. This contribution to the
development of hybrid models was the final subtask of this thesis.

2.2 Methodological approach

According to the five subtasks described above, the methodological approach
consists of different activities and methods that ultimately must be inte-
grated in the bottom-up model concept as:

1. inputs (drivers derived from the macro level and modified in the trans-
formation module),

2. a more highly detailed structure of the bottom-up model (integrating
cohort models in the building stock or the electrical appliances stock),

3. extended relationships (transaction costs, co-benefits), and

4. aggregated output files to be transferred to macroeconomic models via
a cost module (see also Figure 2.1).
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Figure 2.1: Overview of the model concept, the linkages between the macroeco-
nomic model and the interrelationships between the sub-models of
the bottom-up-based energy model used in this thesis, example: the
Energy Navigator for Switzerland.

The means by which these different aspects and subtasks (see Chap-
ter 2.1) can be incorporated into bottom-up models are described in the
following subchapters. Then, in Chapters 3, 4 to 5, this is illustrated by a
model for the residential and service sector that the author developed over
the last few years.

2.2.1 Models used in this thesis

In this thesis, several models have been developed and are being used; they
are cited here and in the corresponding chapter where they are described
and implemented:

• the bottom-up simulation models SERVE, RESIDENT and RESAP-
PLIANCES. Each of these model has a Swiss version, a local version
(city of Zurich) and a European version (25 regions covering 29 Euro-
pean countries). See Chapter 3 for RESAPPLIANCE and Chapter 4
for RESIDENT (and partly for SERVE).

• two hybrid model systems: the Swiss Energy Navigator, and the ADAM
M1 hybrid model system. The Energy Navigator covers one region
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Figure 2.2: Overview of the model system in ADAM M1. The linkages between
the macroeconomic models (E3ME and ASTRA) with the bottom-
up models (RESIDENT, RESAPPLIANCES, SERVE, ISINDUSTRY
and ASTRA on the demand side; EuroMM, PowerAce and EFISCEN
on the supply side), using TRANSFORM and IMPULSE modules for
linking the bottom-up and top-down models.

(Switzerland) but in a more highly detailed manner. A input-ouput
model is used for macroeconomic feedback. The European model
system is much more complex: it covers 29 countries and includes
two macroeconomic models and two parallelly calculating bottom-up
model systems: one more aggregated (POLES) and a more detailed
implementation (all sectoral bottom-up models) (See Chapter 5).

• two linking submodules, to link models in such hybrid model system):
TRANSFORM and IMPULSE. See Chapter 5.

2.2.2 Differentiating the drivers from macro models

As briefly described in Section 2.1, macro-level information from macroeco-
nomic models, demographic projections, and global climate change models,
has to be differentiated according to the needs of detailed bottom-up models
in order to make adequate energy demand and supply projections. A top-
down link must be constructed between these two worlds of models: this link
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was called TRANSFORM in the ADAM project (Jochem et al., 2007). To
provide feedback of the results of the bottom-up models to the macro level,
another link in the opposite direction (see Chapter 5.2) — called IMPULSE
in the ADAM project — also has to be built (see Figure 2.2).

The TRANSFORM module has to deliver the drivers for individual
bottom-up models that typically require input variables. These should
be closely related to energy demand in physical or technical terms; they
also may be more disaggregated in sub-sectors (e.g. single- and multi-family
houses, individual types of electric appliances, or different branches of the
service and agricultural sectors) than the macroeconomic models produce
as output. The task of the top-down link to the bottom-up is to transform
outputs of macro models into suitable inputs of partial and process-oriented
bottom-up models. This can involve many tasks such as changing the price
base, disaggregating into spatial or sectoral figures (e.g. persons per house-
hold, number of persons in relevant age classes attending schools, square
metres of office buildings in the banking and insurance sector), or trans-
lating economic values of net or gross production into physical production
figures such as steel, primary aluminum, plastics, or paper in tons per year
or number of units produced (e.g. cars, buses).

In general, as inputs for the bottom-up models, the drivers will be given
as time series depending on the particular scenario (e.g. a Reference Scenario
or 2◦C-Scenario, where 2◦C means the increase in the average global surface
temperature by 2◦C during this century relative to pre-industrial (1880)
temperatures. In order to deliver these drivers in a consistent manner, it
may be necessary to calculate iterative steps among some of the bottom-up
models (e.g. land use and forests available for agriculture, wood, paper and
bio-energy) which are calculated across different process-oriented models:
such as one for forests (e.g. EFISCEN), one for demand for materials (e.g.
MATEFF) and one for the use of renewables (e.g. PowerACE) (see 2.2).
The results may have to be adjusted to further assumptions on imports
of food, paper, or wood pellets to achieve a convergence process among
the bottom-up models. This procedure may involve sequential calculations
among the bottom-up models before the TRANSFORM model can deliver
consistent data on the drivers to the final energy sector models such as
RESIDENT, RESAPPLIANCE, and the SERVE-04. These sector models
have been developed by the author in the course of the work on this thesis.

The followinge are some examples of the linkage between macro- and
process-oriented models and among different sectoral bottom-up models that
help to determine the drivers needed by the final energy demand models:

1. Macroeconomic models (not exhaustive):

• Yearly gross domestic product (GDP) of the projected period by
country: it is used among other influences such as the increasing
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trend towards to single-person households for the projection of
per capita floor area in the residential sector.

• Disposable income of private households: this is used for the
market diffusion of electric appliances in private households.

• Employment by sector for each year by country: used for the
projection of floor area in the various sectors of services, trade,
and other businesses.

2. Demographic models (not exhaustive):

• Projected population by country and by age group: the data are
used to project the number of households, the number of young
people in schools and higher education, or the segment of the
population that can potentially drive (and own) a car.

3. Global climate change models (not exhaustive):

• Atmospheric temperature increases in winter and in summer sea-
sons over time: these are used to calculate the changing heating
and cooling degree days, the related declining energy demand for
heating and the increasing energy demand (electricity or district
heat) for additional air conditioning.

• Temperature increases and volume changes of rivers being used
for cooling by thermal power plants: these data are used to cal-
culate losses in efficiency of thermal power plants, taking into
consideration adaptive investments such as dry cooling towers.

These examples demonstrate the variety of methods that may be em-
ployed for making the transition to the data needed for bottom-up mod-
els: trend extrapolations, econometric analyses (if sufficient empirical data
are available), and physical models for projecting impacts of temperature
changes (see Section 2.2.3). Other examples showing the derivation of the
drivers in the final energy sectors are given in the assumption sections of
Chapters 3, 4, and 5.

2.2.3 Integrating climate change into the bottom-up models

To estimate the impact of climate change on the energy demand of buildings,
Jakob et al. (2008) developed a methodology focusing on the tertiary sector
in Europe. They suggest a two-stage approach:

1. Physical building models are run assuming present average climate as
well as increased temperature levels derived from the global climate
change models in order to estimate specific energy demand for various
building types;
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2. An bottom-up energy model is used to project the energy demand of
the sector as a whole, using input data from the first stage.

Each of the two stages is performed with both present climate data (PC)
and data that assume a warmer climate (WC).

In the first stage, energy demand and the indoor climate conditions are
estimated by using a dynamic building simulation model (e.g. IDA-ICE in
Björsell et al., 1999) for some representative building types for different
European climate zones or counties. Simulation results are differentiated
among the main types of energy services, namely lighting, ventilation, cool-
ing, heating, and other thermal applications. These then reveal the impact
of climate change on the specific energy demand and on the need for apply-
ing building adaptation measures to ensure acceptable comfort conditions
for building occupants (e.g. overnight cooling or air-conditioning)

In the second stage, the energy demand of the tertiary sector is modelled
using a bottom-up approach through 2050 for two different scenarios, namely
a base case scenario with current climate conditions and a reference scenario
with warmer climate. For each of the European countries, the bottom-up
model SERVE for the commercial sector, differentiates among six main sub-
sectors: finance, retail, education, health, hotels and restaurants, and a
residual sector. The main drivers of the model are the conditioned (heated
and possibly cooled) floor area and the specific energy demand for different
types of energy services. The basic structure of the bottom-up modelling
approach can be described as follows:

Energy demand =
∑

i,k,e

FAi,k,e · UEDi,k,e (2.1)

where

• FA denotes the conditioned floor area,

• UED is the unit energy demand,

• i the economic sector or sub-sector,

• k the energy carrier, and

• e the type of energy service (e.g. heating, cooling), respectively.

Both floor area and unit energy demand are differentiated by new and
existing buildings and change over time. Drivers of the floor area are
projections regarding value added, progress in labour productivity (value
added per employee) and assumptions regarding floor area per employee
(see Jochem et al. 2007 for more details). The floor area, i.e. the build-
ing stock of the service sector, is further decomposed into buildings with
different degrees of energy services (e.g. with or without cooling, with or
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without ventilation). Specific energy demand input data are derived empir-
ically from both historical data and from the results of the first stage, i.e.
physical building simulation models.

To facilitate the data transfer between stage 1 and stage 2, results re-
garding specific energy demand values are related to heating degree days
(HDD) and cooling degree days (CDD). Heating and cooling degree days
are based on the difference between a reference value of 18.3◦C and the av-
erage outside temperature (approximated as the mean of the minimum and
maximum temperature of the day).

HDD and CDD of the warmer climate (WC) scenario are calculated from
hourly temperature data, which are based on the following assumptions:
Monthly temperature differences between the year 2050 and the average of
1985 to 2000 were added to hourly temperature data of the present climate
(PC) scenario for each country (see also Sections 3.1.2 and 4.1.8). These
monthly temperature differences stem from simulation results of the global
climate model IMAGE. The underlying simulation runs were performed
by Isaac and van Vuuren (2008) within the ADAM project. All of these
monthly differences are positive for all countries and all months and vary
mostly between 1.5◦C and 3◦C. For almost all European countries, the
increase is lowest in spring. In southern Europe, the largest increase is in
late summer whereas in mid-central Europe the largest increase is in winter.

2.2.4 Dynamic simulation of stocks and lifecycles

Given the long re-investment cycles of buildings and the probably realis-
tic assumption that major improvements in efficient energy use or energy
substitution can only be realised in the re-investment cycle, the concept of
cohort models, which use age classes, becomes essential. The three models
developed by the author — SERVE, RESIDENT, and RESAPPLIANCES
— do use this concept of cohorts for certain periods of time in the more
distant past and for each year for the more recent past (data availability)
and for the projections (see Sections 3.1.1 and 4.1.1.1).

2.2.5 Identifying and managing co-benefits in economic eval-
uation

In recent years some papers on the co- (ancillary-) benefits topic have been
published. For example, Ott et al. (2006) did an extensive study of energy
efficiency improvements and their costs, including the ancillary benefits.
These may include increased comfort as a result of uniform room heating,
ventilation, reduced noise, or additional rooms (as a result of roof insula-
tion).

Such benefits affect the investment calculations of new energy-efficient
buildings or retrofitted buildings but are not generally recognised by in-
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vestors, who underestimate the total benefits. Including the co-benefits at
the microeconomic level and the ancillary benefits (e.g. employment) at the
macroeconomic level is quite important for the analysis of new policies (see
Section 1.4.4).

In this thesis, we use the methods and data introduced in Jakob (2007b)
and Ott et al. (2006). In Catenazzi and Jakob (2006), the authors take a
different approach: we measure the discomfort attributable to additional
insulation without collateral measures; e.g. in summer there will be more
discomfort in offices because part of the inner heat load (lighting, computer,
people) will no more be diminuished by thermal dissipation, when addi-
tional measures are not taken (e.g. low energy lighting, ventilation, . . . ).
Thus, in this case, instead of co-benefits, energy measure could induce more
investment.

This aspect of “co-benefits” of energy efficiency investments has not been
systematically taken up in this thesis due to the lack of reliable data (for
instance at the European country level) on the issue. However, the author
wanted to hint at this important issue, given that it may substantially change
the merit order of efficiency investments or measures, which could be relevant
to policy recommendations.

2.2.6 Economic evaluation of investments

More efficient use or conversion of energy or the use of renewables generally
implies a substitution of the use of non-renewable energy carriers by capi-
tal. This means that the additional capital investment has to be valued in
monetary terms. Depending on data availability for the investments con-
sidered and the homogeneity of the technologies considered, there are two
cases that describe how to assess the monetary value of an investment in
energy-efficient and/or low-emission solutions:

1. The first case has to do with the difference in the discrete cost between
a less and more efficient investment, including changes in energy and
operating costs, if this difference can be identified without requiring a
major data search (see Section 2.2.6.1);

2. Where the additional investment cannot be easily identified by the
difference in discrete investments because of several circumstances, one
uses the “applicable investment cost” method (see Section 2.2.6.2).

The first method, the difference between the investment in two techno-
logical options, is easily understood, well-defined, and often implemented
where data are available for the two distinct options. There may be some
drawbacks in concrete cases such as projections of the investment cost of
new technologies according to learning and economy-of-scale effects: These
effects may depend on (unknown) policies in a given country or globally (e.g.
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the widespread application of the feed-in tariff as the presently predominant
policy measure for electric power production by renewables was not fore-
seeable 10 years ago, but it now supports an enormous market penetration
rate of wind power and photovoltaics at the global level, which is exerting
an unexpectedly large downward influence on investment costs).

However, while these cases are clearly defined as rather homogeneous
technologies (where investment costs can be delivered by the manufacturers),
there are other cases when hundreds of different small technical solutions
contribute to an efficiency improvement of an industrial branch or a service
sector, (e.g. hotels, schools, trade, or crafts). In these cases it would be
extremely cumbersome to add up all the possible investments from hundreds
of processes. Here a method had to be developed for simplifying the real
diversityof the investments while still generating a monetary value of the
sum of those hundreds of small investments (see Section 2.2.6.2).

Both methods have been used in this thesis; the second method was for
the first time applied to the commercial sector and to electrical appliances.

2.2.6.1 Discrete investments

A rather precise method for monetarising the investment of energy-efficient
solutions or renewables energies is to use the concept of discrete costs, de-
rived from price differences between variably efficient investments; e.g., for
electrical appliances, mass-produced vehicles, or cross-cutting technologies
in industry. This method fulfils the conditions of the bottom-up model con-
cept: every technical change is evaluated and monetarised, both in energy
effectiveness and in the various cost elements (investment, operational costs,
learning, and even co-benefits if data are available). This method is gener-
ally used in the conversion sector — often in optimisation models — and in
cases of conversion technologies in the final energy sectors (e.g. boilers, heat
pumps).

However, one difficulty in using this method is the fact that price differ-
ences of more or less efficient products do not necessarily reflect the differ-
ences in production cost. They may also be influenced by pricing policies
of the manufacturers or trading companies. These pricing polices may be
influenced by consideration of willingness-to-pay aspects of high-efficient so-
lutions (technology pioneers, environmentally-concerned groups), subsidies,
or cost-covering strategies of products produced in limited quantities and
not cross-subsidised by the producer’s cash cows.

In addition, this method has the major drawback of a high demand for
cost data, which are almost non-existent at the level of useful energy. Only
recently has new research on discrete cost data for efficient solutions at
the useful energy level been published, e.g. in the field of heat protection
investments in residential buildings (Jakob et al., 2002; Jakob, 2006; Feist
and Zolper, 1985; Ürge-Vorsatz et al., 2007a,b) and in commercial buildings
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(Jakob et al., 2006).
In this thesis, the electric appliances model (Chapter 3) and the build-

ing part of the model RESIDENT and SERVE (Chapter 4) use the discrete
costing method where data are available for individual types of electric ap-
pliances, insulation measures, high-efficient windows, condensing boilers, or
know-how-intensive control techniques and air conditioning.

2.2.6.2 Applicable investment cost

Often when improved efficiency has to be monetarised, there are no concrete
data on additional investment costs that can be attributed to the improved
efficiency. The reasons for this lack of data may vary: in some cases involv-
ing e.g. electric appliances or cars, the pricing policy of the manufacturer
dominates the price difference between a less and more efficient product; in
other cases the new, more efficient products may also have additional func-
tions (e.g. more selection options for washing or drying, greater comfort in
new cars) so that the specific effect of improved efficiency cannot be identi-
fied in the price changes. However, it is quite clear from a technical point of
view that the more efficient solution is profitable. In other cases, it would
be extremely cumbersome to survey the additional investment attributable
to additional efficiency performance in industrial or service branches due to
the immense variety of efficiency solutions in the various industrial branches
and production processes. In this last case it would be absolutely impossible
to identify the net cost and energy savings of many thousands of different
investments of a national industry.

This is why Jochem and Badke (1996) developed a very simple method
in order to estimate the investment costs of additional energy efficiency.
The method uses a simple economic rule: “People are inclined to invest
additional money if they expect that they will save more money over the
lifespan of the new investment”, i.e., if the investment can be considered to
be profitable.

This basic assumption has to be made first on the basis of empirical evi-
dence of profitability (and its extent) in selected cases before one can apply
the method in a simple relationship. Here the additional investment cost
InvCosts(t) is equal to the net saved energy cost over a given time period,
the payback time, which has to be shorter than the lifespan of the invest-
ment considered. In mathematical terms the relationship can be expressed
as:

InvCosts(t) = τ(t) · (−∆E · P (t)) (2.2)

where τ(t) is the pay-back time (in t) that has to be estimated on the
basis of empirical data and evidence for particular branches or technological
fields, −∆E is the (positive) saved energy in physical terms, and P (t) is the
energy price at time t attributable to the sector of the particular efficiency
investment considered.
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Using this concept one has to pay attention not to include additional
energy savings that are generated not by investments but by organisational
changes such as

• energy savings that are realised by changes in behaviour and prefer-
ences or by better maintenance or process management and timing;

• energy savings (or additional energy demand) induced by intra-indus-
trial structural changes (e.g. changing shares in more or less energy-
intensive products); or

• energy savings that would come about by any re-investment without
any policy intervention but just through learning effects in the course
of global exchange of knowledge and global trade.

These preconditions are generally met in the following ways (Aebischer
et al., 2007):

• The energy savings due to changes in behaviour and preferences or
improved management can be excluded in many cases; particularly if
they are separately treated in another sub-model (which is the case in
SERVE04 of this thesis).

• The intra-industrial effects are excluded by either distinguishing be-
tween different energy-intensive products (e.g. in the food industry) or
within different public services (see Chapter 4) or by assuming that the
product structure remains constant in the future before the estimates
of the profitable saving potentials are made.

• The general concept of energy demand projections that include eco-
nomic evaluation starts by designing a reference scenario including
“autonomous” technical progress due to learning and economies of
scale (e.g. in many industrialised countries, this “autonomous energy
efficiency progress” is about 1% per year (IEA, 2007).

As these pre-conditions may not be entirely excluded in some cases,
equation 2.2 may reflect a somewhat upper limit of investments that are
calculated on the basis of the savings assumed.

In the two heat demand models of this thesis, the investment is calculated
(by RESIDENT and SERVE04) at the level of useful energy, thus avoiding
the deficiencies that could stem from the various conversion systems for
generating the heat. This step is performed in an additional sub-model,
which can also calculate substitutions of the heating systems by discrete
investment calculations (see below).
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Hidden electricity savings due to additional electric functions For
electricity, substantial underestimates of energy efficiency investments (or of
organisational measures) can be expected if the change in specific electricity
demand does not distinguish between impacts of efficiency measures and
additional electricity demand due to additional functions such as more au-
tomation in industrial or commercial branches (e.g. more vending machines,
more escalators, more information and communication applications, etc.).
This distinction is often quite deficient for a sector or subsector because of
a lack of data on these two investment fields. In most cases the solution
is finding case studies to uses as a basis for information to estimate the
patterns of hidden electricity saving. The other option is to specify differ-
ent levels of automation of the same subsector and to change the shares
in highly automated subsectors over time. This method is applied in the
SERVE model (Aebischer et al., 1996; Aebischer and Catenazzi, 2007).

Remaining uncertainties The investments calculated by this method
are substantially dependent on the two estimated parameters (payback time,
which correlates with branch-specific traditions, and the interest rate) and,
of course, on the energy price assumptions of the particular scenario.

Regarding the payback time and the interest rates assumed, one could
argue that different scenarios with their specific boundary conditions suggest
using different parameter values. Interest rates can be influenced by the
economic or financial policy of a government such as tax deductions and
grants for investments.

In this thesis, constant values for the two parameters have been chosen
for each model’s run; however, sensitivity analyses seem to be very useful
in cases of high shares of capital cost in the total cost. For example, the
payback time of electric installations and of the elements of the building
envelope in the service sector was chosen to be 12 to 13 years, although
the relevant re-investments are usually made between 20 and 25 years of
lifetime.

The concept of the applicable investment cost has some drawbacks and
limitations:

• First, the method is based on an economic profitability perspective
reflecting the decision situation in the private sectors of the economy.
In cases of public investments, when external cost or lower interest
rate considerations may lead to longer payback periods or payback
during the lifetime of the investment, the concept has to be adapted
by choosing larger efficiency potentials.

• Second, the assumption of the average payback time in equation 2.2 is
likely to be somewhat arbitrary, even if empirical studies support the
assumptions; technologies involved may contribute to the total savings
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with shorter lifetimes than the payback time assumed, or the contrary
may be the case.

• Third, major process substitutions (e.g. chemo-physical processes in-
stead of chemo-thermal processes generally cannot be identified in
cases of large energy price changes or of technological breakthroughs.
This can lead to underestimates of the possible savings (particularly
in long-term projections (e.g. a time period of 30 years and more), but
they can hardly been avoided as long as discrete investments cannot
be identified.

• Fourth, while co-benefits of energy-efficient solutions (such as noise
protection, reduced waste products, improved product quality, and
more comfort; see Chapter 1.4.4) can be considered in discrete invest-
ment analysis, this is not possible in applying this method, because
the individual investments in the branches considered are not known.
This limitation leads to the tendency, even more pronounced in gen-
eral equilibrium models or econometric models, to underestimate the
technical progress in efficient energy use. This is again one reason why
efficiency gains or related applicable investment costs may be under-
estimated.

• Fifth, as this method covers many technologies of very different kinds
and innovative status, the question of effects of learning and economies
of scale remains unresolved. Doubtless one could consider applying an
experience curve coefficient of 0.98 at the upper limit (i.e. a minimum
cost reduction of 2% for each doubling of the cumulative production of
the efficiency technology considered), but it remains an open question
how large the overestimate of the investment figure is when applying
the applicable investment method. In addition there is generally no
information on the mix of technologies and their “average cumulative
production”.

These uncertainties and limitations lead to the conclusion that the in-
vestment cost estimated by this method tends to be rather high. Some
adjustment can be made by choosing rather short payback times, but this
attempt always raises the question how speculative the results should be
regarded.

A similar problem arises when public financial incentives are planned for
private investors. This limitation may be overcome by applying the concept
of marginal cost curves of energy saving potentials; however, the empirical
content of such a method will be very low, i.e. speculative.

To conclude, the method of applicable investment costs, finally applied to
the service sectors in this thesis, allows first tentative monetary estimates of
energy efficiency solutions where no information is available or feasible from
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discrete investments. This enables energy systems analysis in its process-
oriented models to calculate a complete economic picture of a scenario where
earlier no information was generated at all and led to focusing all former
analyses on energy-converting technologies (e.g. Levine et al., 2007). In most
cases, the estimates of the investment cost are likely to be on the upper end,
given that co-benefits, particularly at the level of useful energy, process sub-
stitution, and cost reduction potentials cannot be taken into consideration
in principle. The limitations of the method suggest using the discrete invest-
ment cost (see Chapter 2.2.6.1) wherever possible. However, this method is
a major step towards a complete economic analysis, particularly if organisa-
tional measures and intra-industrial structural changes are considered when
defining the saving potential.

In this thesis, this method of applicable investment cost is used in the
RESAPPLIANCES model for those electric appliances that could not be
treated as discrete types of electric appliances and for the investments in
efficient solutions for the service sectors in the SERVE 04 model.

2.2.7 Quantification of transaction costs

In principle, bottom-up models — and the models of this thesis — allow
one to explicitly integrate this aspect by adding transaction costs to the
investment cost (see also Section 1.4.5). A general difficulty of quantifying
transaction costs is that they are not explicitly measured in any investment
decision, as they are included in the overhead production costs of a company.
This calls for their separate empirical measurement. From the perspective of
transaction cost economics, the conglomerate of production and transaction
costs depends on the production technology on the one hand (including the
management structure and its cost for a company) and existing policies
to limit transaction costs of companies by informational and professional
training activities offered by public institutions or trade associations on the
other (Benham and Benham, 2000). Picot and Dietl (1990, p.178) defined
the relevant activities that make up the elements of the transaction cost:

• Searching for information about distribution of prices and the quality
of the investment,

• the time and effort for bargaining that is needed to find the true po-
sition of the buyer and the seller,

• the intra-company cost for preparing and making the decision by the
board,

• making contracts,

• monitoring contractual partners to see whether they abide by the terms
of the contract,



42 CHAPTER 2. OBJECTIVES AND METHODS

• enforcing the contract and collecting damages when partners fail to
observe their contractual obligations,

• protecting property rights against third-party encroachment.

There may be further costs such as insurance against theft during the
installation or accidents that are the responsibility of the investor. A cursory
glance at this list of the possible contributions to transaction costs for an
energy investment clearly shows the difficulty of collecting empirical data on
transaction costs. In addition, transaction costs may change substantially
over time: they are very high for new technologies but may decrease through
the use of routines to plan, order, and implement them. The learning effect
can be extremely high, i.e., the transaction cost can decrease by one order of
magnitude in a few years. Accounting for transaction costs involves adding
a cost component in the equations of discrete and applicable investment cost
calculations. With some effort this may be feasible in the case of discrete
investments, but is certainly highly speculative in the applicable investment
cost calculations because of the unknown mix of new technologies.

Due to a lack of empirical data, the calculations in this thesis were made
without integrating this important decision factor and policy aspect. Some
first demonstration runs were made in order to show the importance of this
effect (see Chapter 4), as well as the approach’s potential in future modelling
of the final energy sectors. This aspect takes on greater importance here
due to the high share of transaction costs in the total investment cost (see
Ostertag 2003, p. 224–228; Bieniek 2000).

2.2.8 Bridging bottom-up and macroeconomic models

In many cases, the investment figures and changed operating costs of energy-
efficient solutions or renewable energies calculated in bottom-up models are
not used for further macroeconomic evaluation but remain rather isolated
as information on direct economic impacts of energy policies and related
investments or changed operating costs.

However, having identified the changing cost induced by energy or cli-
mate policies, one can easily make use of this information by supplying it
to input-output models, such as the Swiss model of 2001 (Nathani et al.,
2006) and to macroeconomic models by structuring the cost data accord-
ing to the economic branches and other structures of those macro models.
This process of bridging the results from macro-models to bottom-up mod-
els and vice versa is known as hybrid models or hybrid model systems (see
Section 1.3).

The investments have to be structured into some ten branches or sectors
detailing the components of the investment such as non-metallic mineral
products, chemical products, metal products (except machinery), machin-
ery, office and electronic products, electric products, building and construc-
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tion, recovery, repair services, wholesale, retail, inland transport, services,
financing and other private services, and public services. The task is often
easily done with information readily provided by the manufacturers. This
additional structuring of additional investments and changed operating costs
allows one to

• identify the substitution effects from substituting domestic or imported
energies with long-lasting investments and accompanying services.

• to distinguish between obvious differences of domestically produced
and imported products, domestic construction and services compared
to imported industrial products, as well as between more and less
labour-intensive branches.

This allows one to evaluate differential economic growth and employment
impacts on the economy as a whole from different policy and technology
strategies (e.g. labour-intensive insulation of the building stock versus im-
porting highly efficient cars into Switzerland).

This bridging between bottom-up models like the ones developed in this
thesis (i.e. RESAPPLIANCE, SERVE, and RESIDENT) has been imple-
mented for 29 European countries, linking them with the econometric model
E3ME (Barker, 1999) and the simulation model ASTRA (Schade et al., 2001;
Schade, 2005).

In addition, changed energy costs or co-benefits can be derived from
the microeconomic evaluation of bottom-up models, as can changes in other
operating costs, which may or may not be negligible. Transaction costs for
the investors or consulting costs, if identified and possibly reduced by policy
measures, could also be included in the data set to be transferred to the
macro models when data become available.

This method of transferring results in investments and changed operating
costs to macro models is only accurate within certain limits, because it
assumes that the additional investments or changed operating costs have
the same economic structures and production inputs as the average of a
given investment category or industrial branch. Despite this limitation,
the transparency of the effects of sector- and technology-specific policies is
enormous compared to traditional modelling by macroeconomic models.

2.2.9 Scenario design

Each energy model — whether bottom-up or macro level — must incorpo-
rate assumptions about the development of drivers such as world popula-
tion, world GDP, climate change, trends towards single-person households,
and mobility modes. The design of scenarios, i.e. the configuration of the
development of important drivers (that are not explained by causal relation-
ships within the analysis) in a consistent way, cannot be achieved through
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a systematic-mechanistic process; rather, scenario design can be considered
a form of “art” that selects and combines possible future developments in
the various fields by applying the scientific criteria of plausibility, consis-
tency, and interpersonal transparency (Jochem, 1988; Coates et al., 1996;
IEA, 2003b).

The selection process as well as the judgment of the plausibility and
consistency of the designed configurations have subjective elements which
underline the need to discuss proposed scenarios in a group context. Dis-
cussions with colleagues from research institutions; officials from national
governments; and analysts from industry, commerce, and NGOs may also
be useful. Consensus — of course — is likely to be impossible.

2.2.9.1 The two approaches for designing scenarios

Climate change and energy-related scenarios can be designed using either of
two basic options:

• The exploratory approach: which tries to identify the strongest shap-
ing and driving forces impinging upon energy use such as economic
growth; structural changes; changing foreign trade patterns; popula-
tion developments; changes in global markets; and new technologies
that alter the course of people’s lives and their behaviour, attitudes
and income; or

• The normative or target-oriented approach: which tries to explore
ways of meeting certain goals or societal objectives that may include
some or all of the following: reducing greenhouse gas emissions to a
certain extent and within a given time-frame, reducing dependence on
external energy supplies; achieving full employment; environmental
protection in cities; and the more efficient use of all natural resources
(e.g. water resources). These are all examples of possible societal goals
that may be explored by means of describing the boundary conditions,
including particular targets or objectives, and by means of quantitative
methods of exploring the causal relationships. Such scenarios provide
one important means of exploring the feasibility of pre-defined targets
such as a reduction target for greenhouse gas emissions by a specified
year, and of focusing the orientation of the underpinning empirical and
policy-related research.

Both approaches assume that policy choices can be made and that gov-
ernments, companies, and consumers’ expectations (e.g. exercised via their
purchasing power or via the ballot box) “have the power to influence future
developments and, therefore, the responsibility of shaping the future in a
positive direction” (Coates et al., 1996).

In both approaches, the major driving forces have to be identified: they
are recognisable as those whose impacts on future climate change, energy
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demand and supply, or adaptation are substantial in at least one scenario.
Thus, the expected intensity of the driving forces and their expected (direct)
impacts have to be used as the key selection criteria.

The chosen time horizon for a scenario is also of great importance as
a selection criterion for identifying driving forces, because certain technical
or organisational innovations and geopolitical changes (e.g. the emergence
of China and India) can only occur over a longer term horizon. This is
because of factors such as “system inertia”, particularly those caused by
the comparatively slow rotation of capital stocks of energy production and
buildings or by the constraints imposed by transport infrastructures.

Uncertainties about the causal relationships between the driving forces
and their potential impacts or about events of limited impact on climate
change are not considered here as a criterion for alternative scenarios but
only as a motivation for conducting sensitivity analyses (which could be
undertaken for each scenario) or variants of a scenario.

2.2.9.2 Selection of major drivers of climate change scenarios

The primary time horizon of these considerations is 2050, but this is ac-
companied by a more impressionistic outlook to 2100 and a more detailed
analysis to 2030. These dates are judged to be the three most critical points
for policy options and their impacts on climate change. The two nearer
target dates may also represent critical “turning points” in the evolution of
global greenhouse gas emissions and related climate change policy as well as
global energy markets and stocks, especially the depletion mid-point of oil.
A distinction may have to be made between the following:

1. Those drivers that are relevant in policy terms at the geopolitical level
or the global or multi-national economic level (but not easily treated
by any quantitative modelling); major qualitative assumptions have
to be made in these cases (e.g. the enlargement of a common Euro-
pean market including Eastern European countries and North African
countries); and

2. those drivers that are needed and available as the quantitative tools
of a particular study. For example, they may be economic growth
or population growth in individual global regions and countries as
derived from global economic models or national or regional population
models.

Drivers can also be distinguished by their dynamics: rather continuously
developing drivers as opposed to those subject to substantial change over
shorter periods of one or two decades.

• Drivers of the world climate future may be characterised by either
relatively stable or relatively dynamic influences, depending upon their
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particular properties and dynamics and a particular scenario. Over
a nearly fifty-year period — 2005 to 2050 — some of the relatively
stable driving forces not expected to deviate much from a probable
baseline development are likely to include population trends, long-term
economic development, and the building stock and infrastructures with
long lifetimes.

These relatively stable drivers of energy supply and demand can, of
course, be influenced to some extent by policy measures: population
and migration policy; family and social security policy; housing, con-
struction, and transportation policy; and changes in societal behaviour
or expectations.

• Some important driving forces that are subject to major possible
changes and that determine the character of different energy demand
perspectives have been identified. They include the following: struc-
tural changes in industry and the rest of the economy; tourism, leisure,
and professional mobility; technical innovations, global climate change
policy, world economic growth, and energy demand; prices on world
energy markets; low material-intensive and service-intensive policies
(technological sustainability), and new energy needs and services stim-
ulationg rise of the use of electricity.

2.2.9.3 Consistent combinations of driver intensities and practi-

cal hints: The design of scenarios

These different types of driving forces are interlinked to some extent: for
instance, fast technical and structural changes in the EU and related ap-
plication of new technological potentials would consistently reduce energy
intensity and the import of fossil fuels by the EU and, possibly, postpone
energy price increases on world markets if similar trends are assumed for
North America and South-East Asia. Given these interrelationships among
major driving factors, the analyst may have to decide on certain intensities
of the driving forces depending on a particular scenario (see for example the
pre-Kyoto Baseline Scenario in Figure 2.3).

It has been observed in the past that if three or five different scenarios
are presented, these are often interpreted by users as covering the range
of probable development with the upper and lower values of the scenarios
being judged as less likely and the scenarios in the mid-range as having a
higher probability. Worse still, the central scenario might be seen as the new
“conventional wisdom”. To avoid this interpretation of scenarios, it is wise
to design an even number of future developments — at least of the major
scenarios. Implementing this recommendation, we have designed two major
scenarios in this thesis.
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Figure 2.3: Influences of driving factors for energy use in the Pre-Kyoto Base-
line scenario (relation of drivers to energy demand: + positive; −
negative)

2.2.10 Evaluation of the three models

To evaluate the models and to provide a check on plausibility and expert
evaluations, three methods were used: comparison with other models, com-
parison with statistics, and stability of the models. The evaluation may be
implemented in an aggregate manner (i.e. comparing multiple bottom-up
models), model-to-model, or limited to sub-models parts and results.

Comparisons with other models. For the Swiss models, the assump-
tions and the results of RESIDENT and RESAPPLIANCE were compared
with the Swiss Energy Outlook studies (Hofer, 2006). The SERVE model,
which is part of the Swiss energy outlook (Aebischer and Catenazzi, 2007),
lacked any truly good alternative model outcomes that could serve as the
basis of a comparison. However, during the Swiss Energy Outlook study,
many methodological discussions about the designing of sub-models and as-
sumptions and results (e.g., unit energy demand of new buildings, efficiency
of heating systems, improvement in building efficiency, etc.) took place over
several years. In them, comparisons were made with the partial results of
the residential models (Hofer, 2006), with some cost results of efficiency
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measures in buildings (Jakob et al., 2002, 2006), and with other studies.
For the Zurich model, the comparison was made mainly with the ECO2

model (Dürrenberger and Hartmann, 2003). It should be noted that part of
the data (mainly the specific consumptions) of ECO2 model are based on
the Swiss Energy perspective study.

At the European level, the POLES model (Criqui et al., 2001) was the
main source for the comparison, along with some details of IAE studies (e.g.
IEA, 2004b,a).

Comparison with statistics. Statistical evaluation was done in two ways,
via ex-post projections or sensitivity analyses.

The ex-post projections were possible for the case of the Swiss versions
of the models because the Swiss models start the simulation from 1990,
thus describing the development over nearly 15 years in which the results
could be compared with statistics for this period. However the statistical
data needed to be adjusted for short-term fluctuations (e.g. short-term price
shocks or weather fluctuations; see for example Aebischer et al. 2008).

Sensitivity calculations provided some information concerning the sta-
bility of the models and, with the additional input of some external expert
guesses, the reliability and quality of the data and outcomes of sub-models.
The sensitivity calculations also pointed to the most sensitive and thus the
most important variables and relationships, which require the most attention
and further consideration in cases of changing boundary conditions where
the relationships may no longer hold true (e.g. comfort threshold for temper-
ature or energy price level for new highly efficient technologies or renewable
energies).



Chapter 3

Advances in simulating
electricity demand of electric
appliances in the residential
sector

There are several approaches and methods for simulating the future electric-
ity demand of private households and of electric appliances1 in particular.
These approaches have different objectives and are used by different ac-
tors such as utilities, dispatchers, research institutes, and manufacturers of
equipment that generates or uses electricity.

• Short-term modelling approaches simulate daily or weekly electricity
demand patterns in order to identify demand peaks induced by the use
of major large appliances. Improving the understanding of these short-
term dynamics can support peak shifting and peak-shaving. This may
help lower energy demand and CO2 emissions on the supply side by
reducing the need for stand-by capacity of nuclear or coal-fired power
plants. These issues are outside the scope of this dissertation.

• Medium- and long-term electricity demand projections of private house-
holds and their electric appliances are often generated via econometric
analyses that take into account demographic factors, tariff changes,
and income per household. These projections may be done on a na-
tional, regional, or even city level (e.g. Reiss and White, 2005; Barker,
1998). The econometric approach has the specific advantage of be-
ing able to handle electricity price and income changes easily and

1IPCC defines appliances as “all electricity-using devices, with exception of equipment

used for heating, cooling and lighting” (Levine et al. 2007, Chapter 6; within IPCC 2007).
In this study the “appliances” include cooling and lighting.

49
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with relatively good precision where lifestyles, habits, and technolo-
gies remain more or less unchanged from the present. However, this
approach cannot easily simulate changes in electricity demand stem-
ming from the introduction and proliferation of new electrical appli-
ances, e.g. domestic coffee machines or new features in information and
communication technologies. It is also unable to simulate substantial
electricity demand reductions from higher efficiencies due to technical
breakthroughs or policy-induced innovations.

• For these sorts of simulations, process-oriented model approaches sup-
porting projections of electricity demand at the technological level are
the most suitable (e.g. Krause, 1996). By simulating the stock of each
electrical appliance considered, this type of model offers the oppor-
tunity of simulating new electric appliances (e.g. the computerisation
of private households), substantial technical innovation in individual
electrical appliances, and also particular policies such as the “Top
Runner” instrument.

However, present process-oriented models of electric appliances do not
take into account the age structure of each electric appliance since they use
an average specific electricity demand per application and assume a certain
improvement in efficiency per year (see the POLES model for example, i.e.
Criqui et al. 2001). This means that changes in the use of electrical ap-
pliances, such as less cooking or more frequent clothes washing, cannot be
adequately simulated. Only by separately accounting for electric capacity
and yearly usage hours of an electric appliance can these models adequately
project such changes in use. Econometric modelling may also be able to
account for these changes to some extent.

In addition, specific policies on electric appliances can only be reasonably
accurately studied if the cohort structure (age structure) is simulated. This
can be done through the cohort approach, which takes into account normal
appliance lifespans (or policy-induced shortened lifespans of individual types
of appliances or those of a specific year of manufacture).

These two deficiencies of existing process-oriented models — the lack of
distinction in capacity and yearly operating hours and the neglect of the age
structure of the appliance stock — was the starting point for developing a
new model that could take these aspects of changing use and corresponding
policy instruments into consideration.

This chapter describes the RESAPPLIANCES model developed in the
course of the research for this thesis. The model simulates the electricity
demand of several distinct electric appliances in the residential sector. The
first version of this model was partially used in the Swiss Energy Outlook
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report (Aebischer et al., 1996; Aebischer and Schwarz, 1998)2, for some
appliances in the service sector. In 2001–2003 J. Schwarz rewrote the model
(Aebischer et al., 2002; Jochem et al., 2003b), applying it to the residential
sector, and also introducing the stand-by state, improving the development
of specific demand, and adding newer data. The current model is a further
rewrite intended to better handle the full yearly cohorts and to reduce some
oscillation due to incorrect or imprecise starting conditions.

This model was used for the second part of the project “CO2 Mitigation
Potential by Increasing Natural Gas Use and Energy Efficiency in Switzer-
land until 2010” (Aebischer et al., 2002; Jochem et al., 2003b), and for the
Swiss Energy Navigator (Boulouchos et al., 2006b) at the Swiss national
level, for the EWZ Navigator (Boulouchos et al., 2007a) at the city level
(City of Zurich), and with a simplified version for the “Mitigation 1” work
package (Jochem et al., 2007, 2008) in the ADAM project (ADAM, 2006)
at the European Country level (for 29 countries).

In the first section of this chapter, the methods, structure and major re-
lationships of the model are explained; then some data inputs for a reference
scenario are presented, followed by data for a policy and a warmer climate
scenario variant. Finally, the results of the model runs are discussed, with
some suggestions for future improvements.

3.1 Methods

The purpose of this model — called RESAPPLIANCES — is to describe
various scenarios for the possible development of the electricity demand
coming from electrical appliances in the residential sector over a time horizon
of several decades. The model simulates hot water generation, cooking,
white goods (refrigerators, freezers, washing machines, dryers, etc.), brown
goods (television sets, computers, etc.), lighting, central services (hot water
pumps, etc.) and other electric appliances (see Table 3.1, for two versions:
the city of Zurich and the European countries).

Certain appliances and electricity uses are outside the scope of this
model. The electricity demand for heating is described in another process-
oriented model called RESIDENT (see Chapter 4)3 The model calculates
the electricity demand over a mid- to long-term interval, i.e. 25 to 45 years.
Additionally, the costs of the policy (or climate) scenarios are calculated as
additional costs in comparison to a reference scenario, using the applicable
costs described in Section 2.2.6.

2In Aebischer and Schwarz (1998) describe ho the model was inspired by an older model
developed in CUEPE at the University of Geneva.

3Various other small uses are usually not considered part of residential appliances (e.g.
fuels used in gardening), or are considered part of residential electricity until to specified
limits (e.g. the electricity demand distributed by home plugs). Because of their relatively
tiny size, such uses are not considered in RESAPPLIANCES and in existing data.
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Table 3.1: Appliances simulated in the model RESAPPLIANCES for
the city of Zurich and (in a more aggregate version) 29 Eu-
ropean countries.

category Zurich Europe

heating, cooling
heatinga heatinga

-b air conditionerc

hot water
hot waterd hot waterc

white goods
washing machine washing machine
tumble dryer -b

dishwasher dishwasher
refrigerator refrigerator and freezer
freezer -e

cooking
kitchen stovef kitchen stovec,f

brown goods
television television, video
recorder -e

HiFi -b

computer -b

PC screen -b

printer -b

net -b

servers -b

other multimedia -b

lighting and others
lighting lightingc

building services -b

others others

Notes:
a Simulated in RESIDENT, which includes also other fuels.
b Implicit in others.
c Special sub-model.
d Only electric boilers, hot water is also simulated in RESIDENT.
e Implicitly included in other categories.
f Both for electric and natural gas demand.
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This model is a cohort bottom-up model: it calculates the electricity
demand from a technological (and to a limited extent microeconomic) per-
spective; in particular, it simulates the evolution of such cohorts of various
types of appliances. Currently RESAPPLIANCES does not go into detailed
technological analysis (e.g. different categories of efficiency classes accord-
ing to the EU labelling scheme), and it does not model choices between
those technical options. The technological choice among efficiency classes is
simulated exogenously, directly applying the assumed efficiency policies in
external calculations (i.e. restricted sales of A to F-labelled appliances).

The RESAPPLIANCES model is structured in five parts corresponding
to the three main drivers plus the aggregation and the cost sub-models. The
sub-models are:

Diffusion and stock: In this part, the sub-model simulates the stock of
the appliances, using projected market diffusion (demand side) of ap-
pliances per household and the number of households, the lifetime of
the specific appliance, and the related replacement of old appliances
(using the cohort approach; see Section 3.1.1).

Behaviour: this part simulates the behaviour of users (households), de-
scribing the yearly of use of the appliances for each of the three power
status options (i.e. on, off and stand-by).

Power requirement: this sub-model simulates the specific (power) require-
ment of the appliances of each cohort and power status.

Aggregation: this sub-model calculates the specific yearly electricity de-
mand per appliance, per household, and the total electricity demand,
using the results of the three previous sub-models.

Costs: the fifth sub-model calculates the additional cost of a policy sce-
nario, using the data from the other sub-models and the results of a
reference run (see Section 5.2.1).

3.1.1 Cohort of electric appliances in the residential sector

The entire model is based on a cohort approach by type of appliance,
grouped by installation year of the appliances. The motivation for using
the cohort approach is mainly due to the fact that the installation (man-
ufacture) year of the appliances has a significant influence on the specific
power requirement. This is driven by mainly two factors: the technological
improvement, with more energy-efficient appliances (e.g. washing machines,
freezers, dryers); and in the opposite direction, by the more complex, big-
ger or more fully-featured appliances (e.g. larger refrigerators or screens).
Therefore, the installation year of the appliances refers to the information
significant factor for the power requirement of the appliances. Knowledge



54 CHAPTER 3. ELECTRIC APPLIANCES

of the cohort mix of various types of appliances serves as a good basis for
estimating average electricity demand of the existing stock.

The cohort of one type of appliance is modelled according to the following
conditions: the use of appliances, given by the share in market diffusion and
by the number of households, and in addition the substitution (or eventually
the removal) of appliances, according to the typical appliance lifetime.

On the other hand, policies measures and electricity prices may have
small effects on the cohorts in the short term; however, such factors may
have substantial influences on new appliances and eventually use, e.g. period
of use or of stand-by of appliances. For example, the top runner model imple-
mented in Japan may lead to highly efficient appliances for each new type of
appliance. The policy stipulated that the efficiency of the best-performing
appliance offered on the market in a given year was to be automatically
declared as the minimum performance standard to be met by each new
appliance within a few years. Using the cohort approach, one can easily
identify the efficiency impacts of other efficiency policies such as the present
EU labelling in comparison to the top runner regulation in Japan.

3.1.1.1 The stock and drivers of each type of electrical appliance

The driving factor is the projected stock of appliances, given by the average
number of demand for appliances per household. The development of the
stock is modelled with the following simple equation:

Stocka(t) = HH(t) · ρa(t) for every appliance a, (3.1)

where HH(t) is the number of the households and ρa(t) is the density (dif-
fusion) of the appliances (per household).

For some appliances, the market penetration can be greater than one,
because a household can have more than one appliance of this type, e.g. tele-
vision sets. For other appliances, the electricity demand is not determined
by the number of appliances but by the number of private households: the
maximum diffusion rate reaches 100% (i.e. washing machines or dishwash-
ers). Here the driver is how many times per week the machine runs per
equipped household, which may vary due to varying household income, so-
cial contexts, age groups, etc.

In some cases, the driver for an appliance is not the number of households
but the number of people (e.g. hot water) or the floor area (e.g. lighting).
In such cases, this relationship is taken up by introducing a specific number
for private households such as the number of people per household or the
floor area per household. For each simulated type of appliance, the available
density is converted to the density per household, according to the related
data.

One important limitation of the sub-model is that it simulates a “mean
appliance,” i.e. the model does not distinguish among different efficiencies
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of newly bought electric appliances according to the sales of appliances la-
belled differently in accordance with the EU rule. The average performance
of a new cohort is given exogenously to the submodel from the power re-
quirements (e.g. the energy labels). This methodological approach has some
limitations in this application, although in principle they can be overcome:

• The different lifetime of appliances. Some types of appliances have
quite different lifetimes among their technical options, i.e. incandes-
cent lamps compared to fluorescent and HID high efficient lighting
options. Also, the lifetimes, similar to the power requirement, are
given exogenously, and thus the input has to be changed according to
the changes of shares in different technologies.

• Different use with several units of the same appliance in a single house-
hold. Several units of the same appliance in a single private household
are used differently over time compared to the “major” appliances (i.e.
the television). In general, secondary appliances are the older ones,
thus often less efficient, but also less frequently used.

• The investments are calculated using discrete investment figures for
two efficiency classes without differentiation of further classes to cor-
respond with the EU label system. However, figures for this differen-
tiation could be given exogenously.

3.1.1.2 Replacement

Electric appliances have a limited lifetime and have to be replaced by the pri-
vate household after a time, depending on the type of appliance. To simulate
this re-investment process, analysts use several concepts and mathematical
methods: the exact one chosen often depends on the data available (Cremer
et al. 2003, Schlomann et al. 2005, Odyssee 2007, Huser and Spalinger 1992,
Grieder and Huser 2005, Kawamoto et al. 2001, various Statistical Offices,
various short publications of GfK Panel Services in Nürnberg, etc.).

For the implementation of this aspect in the RESAPPLIANCES model,
the concept of the survival probability (or the related breakdown probabil-
ity) was selected. Sometimes, the integral of such probabilities is used: the
probability that after t years from installation the electric appliance is still
operating. Statistically, direct measurement of such probabilities and their
distributions is scarcely feasible as it would require waiting until nearly all
appliances of the studied cohort are out of operation. Therefore, the cohorts
of electrical appliances are regularly surveyed. This surveyed distribution
of a cohort is related to, but is not the distribution function of, the sur-
vival probability. The probabilities are generated by applying the statistical
methods of survival analysis4 using the empirical distributions and mixing

4For details on this topic, see i.e. Klein and Moeschberger (1997) or Kleinbaum (1996).
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the data of distributions from different cohorts of that particular type of
appliance.

The use of such mathematical concepts and methods simplifies the in-
terpretation of the survey data, and it should generate more precise data,
because it models a few, rather traditional appliances.

In NEMS (National Energy Modeling System; EIA 2003c), the energy
modelling used by the US Department of Energy, all appliances (of a specific
type) survive for x years and then decay in a linear function. Thus, in the
NEMS model there is no early replacement but also no long-lived (old) appli-
ances. From an empirical point of view, there are some early replacements,
and for some appliances a high replacement rate even in the first year of use.
However, this replacement in the first year is not so important because the
appliances that replace them should have about the same specific electricity
demand.

RESAPPLIANCES uses surveys and comparable data from other Euro-
pean countries, so it does not simulate the first year replacement peak, but
it does model the other early replacements (see e.g. Figure 3.1 for refriger-
ators) and also uses shorter mean lifetimes (e.g. 13 years for refrigerators)
compared to the NEMS data (mean lifetime 16.5 years).

3.1.2 Air conditioning and the influence of a warmer climate

Air conditioning is a potentially high consumer of electricity in the long-
term, particularly with possible future major climate change. Currently
in the European residential sector, air conditioning is not often used, in
comparison to the US, Japan, or Australia. This difference depends on
several factors such as warm climates, light, or heavy construction of houses
with very little or much heat storage capacity, shadowing patterns, and
different preferences for comfort (see Table 3.2).

Table 3.2: Current cooling demand in selected world regions.

Commercial Residential

U.S. 80% 65%
Japan 100% 85%
Europe 27% 5%

Source: Riviere et al. (2008)

Hence, if Southern European countries reached a level comparable to
these countries, which also depends on income per household according to
recent observations (Isaac and van Vuuren, 2008; Riviere et al., 2008), the
total electricity demand of households could increase by a few percentage
points within the next three to four decades.
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Survival probability (probability that after t years from installation an appliance is still
in use); usual cohort structure (using the yearly survival probability on the left figure);
rate of replacement (probability that an appliance will be out of operation at age t;
hazard rate (probability that in year t a still existing appliance will be out of operation).
Note: The mean lifetime is 13 years in RESAPPLIANCES and 16.5 years in the NEMS
model.

Figure 3.1: Survival probability, rate of replacement, cohorts and hazard rates as
a function of time for refrigerators, in NEMS model (full line) and in
RESAPPLIANCES (dashed line).
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The author inserted such a sub-model in RESAPPLIANCES, developed
by the author and Martin Jakob and described below. The European air
conditioning sector in the residential sector is highly driven by small units
(room air conditioners, RAC) and is barely developed in centralised air
conditioning (CAC), except in Mediterranean countries. With increasing
shares and use of air conditioning and with increasing shares of very energy-
efficient buildings (low energy buildings and passive houses) operated with
air ventilation systems, the centralised air conditioner may receive much
more attention by investors than today. However, centralised air condition-
ers are mostly used in warmer and continental climates (Sailor and Pavlova,
2003), but even there still strongly depend on the income levels of the private
households. According to Sailor and Pavlova (2003), the state of Hawaii,
the state in the US with the warmest climate, has fewer air conditioners per
dwelling for several reasons such as lack of extreme hot temperatures (due to
the ocean), natural ventilation, and cultural effects, and most importantly,
a very low GDP per capita compared to the US average. The Southern Eu-
ropean states (e.g. Greece, Malta, Cyprus, Southern Italy, and Spain) could
have more air conditioning in view of their climate and income per capita
and in comparison to the Southern states of the US.

The diffusion and the unit electricity demand of air conditioning are
driven by the cooling degree days and income per capita, as described in
Section 3.1.2.1.

3.1.2.1 Diffusion of air conditioners

Initially, the diffusion curve of air conditioners as a function of cooling degree
days and GDP per capita (according Sailor and Pavlova, 2003; Isaac and
van Vuuren, 2008) has been used. The data in Sailor and Pavlova (2003)
precisely fit the data found in different US cities but not the data for cities
in the Hawaiian state. Unfortunately the European data found in Riviere
et al. (2008) do not fit to the Sailor curve. One reason is that the cooling
degree days (CDD, see Table 3.3) that have been modelled are lower than
the measured CDD found in the cities monitored, mainly due to the hot
islands commonly found in cities. Another reason is the cultural differences
which probably also explain some differences in use, e.g. Poland and the
Baltic countries have a relatively high diffusion of air conditioners.

Thus, in its final version, the algorithm was changed to use data of
Riviere et al. (2008) (existing and future development) and to use Sailor
curves only for deriving the changes in air conditioning diffusion due to a
warmer climate.



3.1. METHODS 59

Table 3.3: Cooling degree days of Baseline Scenario (mean climate 1980–2000),
and of Reference Scenario (4◦C increase by 2100), EU27+2, 2005 to
2050.

.

country cooling degree days difference

base 2005 2020 2035 2050 2020 2050

Austria 228 248 287 343 408 26% 79%
Baltic States 63 69 79 95 115 25% 82%
Belux 103 108 127 155 190 23% 85%
Bulgaria 247 278 336 417 506 36% 105%
Czech Republic 80 90 109 137 169 36% 111%
Denmark 25 26 31 39 49 25% 100%
Finland 28 30 36 47 58 31% 109%
France 279 298 338 397 464 21% 66%
Germany 111 120 139 169 204 26% 84%
Greece 948 993 1078 1189 1304 14% 38%
Hungary 288 314 363 430 504 26% 75%
Ireland 4 4 6 9 14 44% 237%
Italy 532 564 628 714 805 18% 51%
Malta/Cyprus 1227 1270 1350 1461 1576 10% 29%
Netherlands 58 62 70 83 100 20% 71%
Norway 24 27 32 41 52 31% 112%
Poland 88 98 114 140 172 30% 95%
Portugal 444 510 599 721 849 35% 91%
Romania 386 425 489 577 668 27% 73%
Slovakia 257 278 322 384 455 26% 77%
Slovenia 172 187 226 282 346 31% 101%
Spain 701 766 851 971 1099 22% 57%
Sweden 28 33 39 51 68 40% 142%
Switzerland 205 225 257 304 360 26% 76%
United Kingdom 24 25 30 41 55 26% 129%

North Europe 27 29 35 46 58 33% 120%
West Europe 133 143 164 196 234 25% 92%
Central-East E. 127 140 163 197 237 30% 92%
South Europe 576 622 695 795 901 22% 60%

Total Europe 262 282 319 371 429 25% 84%

Source: Author’s own assumptions and IMAGE model (Bouwman et al., 2006)
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3.1.2.2 Unit electricity demand for air conditioning

As for the other electrical appliances, we use an average air conditioner for
each country. The average unit electricity demand (UEC) is described by
Isaac and van Vuuren (2008) as the equation:

UEC = CDD · (0.488 · ln(Income) − 2.26) (3.2)

where the Income is defined as GDP per capita, in thousands of “Purchasing
Power Parity” (PPP)-adjusted US dollars (1995) (for size and efficiency).
The CDD parameter describes the higher consumption on a warmer climate
as a linear coefficient. The parameter Income instead describes the use of
cooling appliances and indirectly the size of rooms or related floor areas.

This formula uses the (somewhat simplifying) assumption: “UEC is
linear proportional to the CDD”. In fact, a further study (Jakob et al.,
2008), which uses physical building simulation models, showed that UEC is
better described with an affine function (of CDD), i.e. a part of UEC is fixed
and does not depend on climate; and the other part is linear dependent on
CDD . Final results of such improvements will be included in the Reference
Scenario in the ADAM project (Jochem et al., 2008).

3.2 Inputs of one application on the city level

In this section, the input data of the model RESAPPLIANCES are sum-
marised describing a data set applied to the city of Zurich; this model version
has been implemented in a special version called “ewz-Navigator” developed
by a research team at ETH Zurich (Boulouchos et al., 2007a). There is also a
European version of this model covering EU27+2 European countries (Nor-
way and Switzerland); however, the model structure is less ell developed
(Jochem et al., 2007) because of lack of data. This also implies that the
drivers and their relationships had to be chosen in a simpler form; this is
described in the TRANSFORMATION module (see Section 5.1).

The Zurich RESAPPLIANCES model simulates the most important
electrical appliances (mentioned in the Table 3.1), and uses the parameters
listed in the Table 3.4.

Table 3.4: Parameters in RESAPPLIANCES, version “ewz-Navigator”.

parameter range, values

simulation year by year, from 1990 to 2035
appliance age by year, from 0 to 40
appliances types 22 types see Table 3.1
power mode on, off, stand-by
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RESAPPLIANCES simulates some special cases and has special sub-
models to simulate certain electric uses and appliances (hot water genera-
tion, building services, other multimedia and future appliances, and number
of dwellings and other drivers):

Hot water generation: The hot water generation is modelled in the
two residential sub-models: RESIDENT and RESAPPLIANCES. First the
RESIDENT model calculates energy demand from the per-capita hot water
demand (i.e. litres per person); Secondly, it calculates the demand and the
shares of various fuels (e.g. gas, heating oil, district heating) and shares the
calculation of electricity demand with RESAPPLIANCES. Here, the driver
is the number of electric boilers and an average unit electricity consumption.
As a final result, for electricity demand, it calculates the mean of the results
of the two models, which do not diverge much from each other5.

Building services: Regarding the electricity demand of pumps and con-
trol devices, this demand is simulated only in RESAPPLIANCE and is in-
cluded in the building services category.

Lighting: This type of electricity use requires special consideration: it
would be impossible to calculate every single lamp and to consider the use
of every lamp as an electrical appliance. Instead, the sub-model uses the fact
that the floor area of a dwelling has to be illuminated in a given time period
over the year and that figures of average use of illumination per square meter
can be chosen reflecting a certain percentage of variously efficient bulbs and
lamps.

Other multimedia and future appliances: These two generic cate-
gories do not include specific appliances (such as PCs, notebook computers,
and other electricity-consuming transformers and routers). In addition, it
also includes future (and not yet foreseeable) electrical appliances. Therefore
this residual group of electrical appliances is used as “a catchall” category.
Instead of being treated as individual appliances, this residual group is de-
fined by a specific electricity demand per dwelling.

Number of dwellings and other drivers: The “number of dwellings”
driver is estimated by the number of private households and related param-
eters such as the demographic development and the (decreasing) number of
persons per household (see Section 5.1).

5otherwise the input data are checked and reviewed for inconsistencies
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3.2.1 Market diffusion of electrical appliances

To build the appliance cohorts, the model needs the number of dwellings (see
Section 5.1) and the market diffusion of each type of electrical appliance.
The definitions of diffusion and of specific unit electricity demand are strictly
linked and adapted to the available data, therefore RESAPPLIANCES uses
a few different definitions of diffusion:

• For most appliances, the diffusion is defined as the number (in percent)
of appliances per dwelling, so it could be greater than 100%, in the
case of multiple appliances in a dwelling (as seen frequently for example
with television sets).

• For a few appliances (i.e. dishwasher, washing machine), the electric
demand is driven by the equipped dwellings and not by the number
of appliances. So the diffusion is defined as percentage of equipped
dwellings, which cannot exceed 100%. Further, with washing machines
and building services (pumps for heating and hot water) the appliances
could be shared by several dwellings, but the consumption is driven
by the number of dwellings (see e.g. the Table 5.8 in Hofer 2006).

• For “other multimedia” and “others” (future appliances), we calculate
the electricity demand per dwelling: therefore the diffusion is set, by
definition, to 100%.

The diffusion data are based on the recent Swiss energy outlook (Hofer,
2006) and on German data in Cremer et al. (2003). The author adapted the
national data at the city level using a survey done by VSE in 2005 (Grieder
and Huser, 2005). EWZ courteously provided the detailed data of the VSE
study at the national and city level. In Zurich, there are fewer persons per
dwelling relative to the Swiss average, so some appliances are less often used
or smaller (i.e. dishwasher), less diffused (i.e. freezers), more diffused, or
larger (electronics, because of a higher GDP per inhabitant). Natural gas
kitchen stoves were adapted from an estimation of natural gas terminals in
the flats (used for cooking or hot water generation; terminals for central
heating were not counted). The diffusion of building services was adapted
from the number of dwellings with central heating and from the building
database of the city of Zurich. The number of boilers was also derived from
this database.

The different status of diffusion of various electrical appliances is re-
flected in the three groups mentioned above (see Table 3.5). While constant
levels of diffusion are assumed for hot water, electrical kitchen stoves, and
building services, high growth is assumed for tumble dryers, dishwashers,
all information and communication appliances, and lighting. In total, the
diffusion rates reflect increasing income per capita and household.
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Table 3.5: Diffusion of electrical appliances, in percent per household, Zurich,
2005 to 2035, independent from type of scenario.

appliance diffusion lifetime
in appl. per dwelling in years

2005 2020 2035

hot water 26% 26% 26% 20
washing machine 98% 97% 95% 11
tumble dryer 37% 45% 54% 11
dishwasher 59% 71% 80% 12
refrigerator 126% 130% 132% 13
freezer 43% 51% 57% 13
electric kitchen stove 91% 91% 93% 12
natural gas kitchen stove 9% 9% 7% 12
television 132% 141% 144% 10
video 84% 95% 107% 11
HiFi 133% 133% 133% 12
PC 64% 99% 112% 4
PC screen 64% 99% 112% 4
printer 32% 50% 56% 6
net 223% 311% 409% 10
servers 21% 70% 94% 4
other multimedia 100% 100% 100% 5
lighting 115% 158% 201% 3
building services 93% 93% 93% 20
others 100% 100% 100% 5

Source: own assumptions

In this analysis, the same levels of diffusion are used in all three de-
fined scenarios: Reference Scenario, Policy Scenario and 2000Watt-Society
Scenario. The two scenarios — Policy Scenario and 2000Watt-Society Sce-
nario — were defined by increasing the efficiency levels without affecting
or changing lifestyles of the private households. This is a simplification,
as one would expect more energy-conscious behaviour, particularly in the
2000Watt-Society Scenario.

3.2.2 Unit power and electricity demand per power status

RESAPPLIANCE simulates average appliances of a given construction year
or period, so the unit electricity demand has to be interpreted as average
demand per unit of the specific cohort (for the definition of “unit”, see the
discussion in the previous section).

The unit power demand is described per power state (“on”, “off ” and
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“stand-by”) in watts for the period 2005 to 2035 for the Reference Scenario
(see Table 3.6). In general, there are efficiency potentials for many appli-
ances; however, servers, other multimedia, and others appliances have an
increasing unit power demand. The same pattern has been assumed for the
2000Watt-Society Scenario, but with more pronounced efficiency gains for
all appliances (see Table 3.7). The yearly difference in unit power demand
between the Reference Scenario and the 2000Watt-Society Scenario is sub-
stantial (more than 30%) for washing machines, tumble dryers, dishwashers,
freezers, other multimedia, and lighting.

Table 3.6: Unit power demand in Zurich, 2005 and in 2035, in Reference Scenario,
in Watt per appliance.

.

appliance unit power demand unit power demand
in 2005, in watts in 2035, in watts

On Off St-by On Off St-by

hot water 1442 0 22 1310 0 21
washing machine 338 0 5 275 0 4
tumble dryer 571 0 5 418 0 3
dishwasher 674 0 2 534 0 1
refrigerator 29 0 3 22 0 2
freezer 35 0 0 31 0 0
kitchen stove 1204 0 5 1036 0 4
television 101 0 6 158 0 3
video 19 0 7 18 0 4
HiFi 28 0 7 27 0 6
PC 133 1 20 144 1 9
PC screen 89 1 18 78 1 8
printer 94 1 13 70 1 6
net 5 0 2 6 0 1
servers 10 0 2 16 0 2
other multimedia 37 11 9 191 11 9
lighting 909 0 4 577 0 2
building services 67 0 0 50 0 0
others 229 0 30 418 0 42

Source: Author’s assumptions

To simplify the comparison of the data used by other authors, the average
unit electricity demand per appliance and the average electricity demand per
dwelling of the existing stock of appliances is shown for the different years
in the result section (see Tables 3.9 and 3.13).

The main source of data is Aebischer et al. (2002) and Jochem et al.
(2003b). The data are then adapted from detailed German surveys found
in Cremer et al. (2003), the American study on IT technologies (Kawamoto
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Table 3.7: Unit power demand of electric appliances in 2035 of 2000 Watt-Society
Scenario, in watt per appliance, and relative difference (in 2035) be-
tween Reference and 2000 Watt-Society Scenario and yearly change
rates, Zurich.

appliance unit power demand rel. difference
in 2035, in Watt in 2035

On Off St-by On Off St-by

hot water 1155 0 21 -12% 0%
washing machine 192 0 4 -30% -7%
tumble dryer 207 0 2 -51% -46%
dishwasher 271 0 1 -49% -53%
refrigerator 16 0 1 -28% -30%
freezer 19 0 0 -39%
kitchen stove 905 0 4 -13% -12%
television 125 0 1 -21% -62%
video 16 0 2 -10% -62%
HiFi 24 0 2 -10% -72%
PC 127 1 9 -12% 0% 0%
PC screen 61 1 8 -22% 0% 0%
printer 65 1 6 -7% 0% 0%
net 6 0 1 0% 0%
servers 15 0 2 -8% 0%
other multimedia 128 11 9 -33% 0% 0%
lighting 186 0 1 -68% -69%
building services 50 0 0 0%
others 418 0 42 0% 0%

Source: Author’s assumptions

et al., 2001), and Swiss VSE data from Grieder and Huser (2005). These
data and operation times are eventually adapted to obtain values similar to
those found in Hofer (2006) and Grieder and Huser (2005).

The most uncertain value is that of the “other appliance” category. From
the Swiss energy outlook study (Hofer, 2006) and the German energy outlook
study (Prognos/ewi, 2006), the “other appliances” have a yearly growth
rate of 2.5% until 2030 (Germany) or until 2035 (Switzerland). Of this
2.5%, from the cooling sub-model, we conclude that air conditioners increase
the electricity demand by almost 0.8% per year. From the Grieder and
Huser (2005) study, the highest surveyed demand growth is expected in the
“others” category from coffee machines, which consume around 340 kWh
per unit per year, i.e. some 2% of the appliances energy consumption. VSE
did not estimate future demand, but according to surveyed data, in 2004
about 70% dwellings were equipped with coffee machines, thus providing a
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potential increase in electricity demand.

For the 2000Watt-Society Scenario, we used data from Hofer (2006)
and our own estimates on maximum potential consumption reduction from
improved efficiencies of the new appliances coming onto the market (see
Table 3.7).

3.2.3 Yearly operation times

The operation times of the appliances are the most difficult data to find
and to estimate using the developed concept. It is difficult to measure this
on a large scale due to high costs and intrusiveness of measurement if truly
representative data is the objective. On the other hand, the concept allows
one to identify policies that target the efficiency potentials of stand-by losses
for different electrical appliances.

Thus the data were derived either from the few available sources: Cremer
et al. (2003), Grieder and Huser (2005) and Jochem et al. (2003b); or they
were calculated using the available data for annual electricity consumption
and for unit power demand.

The author defined two typical days (working day — weekend, dwelling
occupied — vacation, etc.), and a share of time in the three power modes
(on, off, stand-by). The shares of time devoted to the three modes vary sub-
stantially between the electrical appliances but little between 2005 and 2035
(see Table 3.8: only the net, servers, and others increase their operational
time in the Reference Scenario).

The same data have been used in the three scenarios: i.e. the assumptions
on lifestyles have been kept constant, which is perhaps too simplistic as some
of the stand-by operating time is likely to be reduced in favour of the off-
state due to information campaigns, education, and additional electronic
control.

3.2.4 Lifetime

The lifetime describes the period between the first use of an appliance and
its substitution (or removal), as described in Section 3.1.1.2. For the Refer-
ence Scenario the model uses constant (over time) lifetimes (see Table 3.5).
Lifetime of appliances can have some impact when major efficiency improve-
ments occur in a new generation. However, in general we make the assump-
tion that lifetimes do not change in the scenario calculated.
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Table 3.8: Yearly operational times of electrical appliances in Zurich, in hours per
year, 2005 and 2035.

appliance Operational time Operational time
in 2005, in percent in 2035, in percent

On Off St-by On Off St-by

hot water 17% 0% 83% 17% 0% 83%
washing machine 6% 26% 68% 6% 26% 68%
tumble dryer 4% 26% 70% 4% 26% 70%
dishwasher 5% 19% 76% 5% 19% 76%
refrigerator 100% 0% 0% 100% 0% 0%
freezer 100% 0% 0% 100% 0% 0%
kitchen stove 7% 22% 72% 7% 22% 72%
television 12% 0% 88% 12% 0% 88%
video 2% 0% 98% 2% 0% 98%
HiFi 8% 0% 92% 8% 0% 92%
PC 2% 90% 8% 8% 84% 8%
PC screen 2% 90% 8% 8% 83% 8%
printer 2% 90% 8% 2% 83% 15%
net 17% 0% 83% 33% 0% 67%
servers 17% 0% 83% 33% 0% 67%
other multimedia 15% 4% 81% 15% 4% 81%
lighting 6% 0% 94% 6% 0% 94%
building services 74% 26% 0% 74% 26% 0%
others 7% 23% 71% 12% 3% 85%

Source: Author’s assumptions

3.3 Results and limitations of the techno-economic
concept of deterministic models (preferences,

fashions, traditions)

In this section, the results of the RESAPPLIANCE model are presented
and discussed. As the results for the application in Zurich as well for the
29 European countries are too many to be described here in this thesis,
the reporting is limited to selected results for the city of Zurich version for
the Reference Scenario and the 2000Watt-Society Scenario. Additionally,
are presented the results of the cooling sub-model in the European version
are presented (see Section 3.1.2). Full results are available in Boulouchos
et al. (2006a) (Swiss Navigator); Boulouchos et al. (2007b, 2008a,b) (Zurich
Navigator); and Jochem et al. (2007, 2008) (European models).
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3.3.1 Reference Scenario of Zurich until 2035 (business as
usual)

The Reference Scenario is defined as “business as usual” assuming continuing
energy and climate policies in Switzerland and in the city of Zurich as well
as in Europe and also continuing technological progress.

The calculated average power demand taking into account yearly op-
eration hours and the given stock per appliance and per dwelling is quite
interesting. It yields information on a fully electrified household with one
electrical appliance and the present and future distribution of electrical ap-
pliances in the average residential dwelling (see Table 3.9), leading to an av-
erage constant power demand of almost 700 watts in 2005 and only slightly
less, 690 watts, in 2035 for the Reference Scenario. As discussed in Sec-
tion 3.2.2, the efficiency of appliances usually improves (see left columns in
Table 3.9), but exceptions are in the categories of televisions, computers,
and screens, where larger and more powerful appliances overcompensate for
the efficiency improvements, i.e. the efficiency improvements are more than
compensated for by the growth effect of more appliances.

In the same Table 3.9, the average power demand per dwelling also
deviates from the appliance-specific data, because the penetration of the
different types of appliances influences the figures at the individual level
and in total. The total starts at 435 watts in 2005 and grows by almost 20%
to some 520 watts in 2035 (i.e. 1% per year) due to a more intensive use of
electrical appliances in most private households and implicitly due to higher
income per capita assumed for the next 20 years.

Multiplying power demand by yearly operating hours (see Table 3.8) and
by the number of dwellings, the electricity demand of the residential sector
in the city of Zurich was then calculated for all electrical appliances (see Ta-
ble 3.10). The demand increases in nearly all appliance categories except for
washing machines (−11.4%), refrigerators (−14%), kitchen stoves (−3.6%),
video (−20%), and building services (−18%), where efficiency improvements
are not overcompensated for by additional diffusion and use. This overcom-
pensation is particularly salient for the case for television (+60%), PCs
(+390%), PC screens (+250%), network srvices (+67%), servers (+600%),
other multimedia (+220%), and others (+150%). In total, electricity de-
mand of the electrical appliances in the city of Zurich increases from 2660
TJ by 29% to around 3440 TJ during the period 2005–2035 in the Reference
Scenario (see Table 3.10). This increase is due to:

• an increasing population in the city of Zurich, from 366, 800 in 2005 to
408, 240 in 2035, estimated by the city administration, which explains
11.3 percentage points of the electricity demand growth (or almost
40%);

• the diffusion of some electrical appliances: computers, other multime-
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Table 3.9: Power demand per appliance and per dwelling in Zurich, Reference
Scenario, 2005 to 2035, in watts per appliance.

.

appliance power demand power demand
per appliance in watts per dwelling in watts

2005 2020 2035 2005 2020 2035

hot water 259 247 236 67 64 61
washing machine 23 21 19 22 20 18
tumble dryer 28 24 21 11 11 11
dishwasher 34 30 27 20 21 21
refrigerator 29 25 22 37 33 29
freezer 35 33 31 15 17 17
kitchen stove 82 76 70 74 69 65
television 17 20 22 2 2 2
video 7 5 4 9 7 6
HiFi 8 8 8 7 8 8
PC 5 13 13 7 18 17
PC screen 4 8 8 3 8 9
printer 4 4 3 2 4 3
net 3 3 3 1 1 2
servers 4 5 7 8 15 27
other multimedia 13 22 37 3 15 34
lighting 56 45 36 56 45 36
building services 50 43 37 57 67 74
others 37 61 86 34 57 80

“SUM” 698 691 687 435 481 521

Source: own calculations and assumptions

dia, and “others” (see also Table 3.5). The information and commu-
nication technologies increase their share in total electricity demand
from 6.2% in 2005 to 14.5% in 2035; the others category is expected
to more than double its share from 6% in 2005 to 16% in 2035

The result of the Reference Scenario clearly means an increase of per
capita electricity demand of some 2, 017 kWh per capita in 2005 to 2, 340
kWh per capita in 2035, i.e. a yearly increase of 0.5% over 30 years. This
increase would call into question policies in Switzerland that favour phasing
out nuclear energy plants within the next 20 years. Therefore, the ques-
tion was whether a strict efficiency-based scenario could result in another
conclusion regarding the phasing out of nuclear energy in Switzerland (see
Section 3.3.2).
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Table 3.10: Electricity demand for appliances in Zurich, Reference Scenario, in
PJ per year, and average yearly change in %.

appliance el. demand Changes
in TJ vs 2005

2005 2020 2035 2020 2035

hot water 254 262 257 3% 1%
washing machine 139 135 123 -3% -11%
tumble dryer 57 66 72 15% 25%
dishwasher 98 120 127 22% 30%
refrigerator 232 223 200 -4% -14%
freezer 89 107 116 21% 30%
kitchen stove 468 465 451 -1% -4%
television 123 170 197 39% 61%
video 42 35 34 -15% -20%
HiFi 69 69 70 -1% 1%
PC 19 81 92 334% 391%
PC screen 16 50 56 220% 254%
printer 7 11 10 69% 59%
net 48 58 80 22% 67%
servers 6 23 41 285% 603%
other multimedia 69 129 221 88% 222%
lighting 391 465 487 19% 24%
building services 317 295 261 -7% -18%
others 220 378 542 72% 147%

TOTAL 2663 3143 3438 18% 29%

Source: Author’s calculations and assumptions

3.3.2 The 2000 Watt-Society Scenario and related develop-
ment of electricity demand

The Zurich Navigator calculated energy demand for two policy scenarios:

• The Policy Scenario, based, for appliances, on Scenario III of the Swiss
Energy Outlook study (Hofer, 2006), which describes the possible effi-
ciency policies at the city, cantonal and national level, and their impact
on energy demand in Zurich for all sectors. The results of this scenario
will not be presented here, because this scenario is an intermediate one
between the Reference and the 2000Watt-Society Scenarios.

• The 2000Watt-Society Scenario tries to simulate a substantial reduc-
tion in energy demand with the vision of achieving a primary energy
demand per capita of 2000 watts per person in Switzerland late in the
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Table 3.11: Indicators of electricity demand: weight of electricity demand for
appliances in Zurich, in percent, in year 2005, 2020 and 2035, for
Reference and 2000 Watt-Society Scenarios.

appliance Share in Ref. Share in 2kW
in percent in percent

2005 2020 2035 2020 2035

hot water 10% 8% 7% 10% 10% 9%
washing machine 5% 4% 4% 5% 4% 3%
tumble dryer 2% 2% 2% 2% 2% 1%
dishwasher 4% 4% 4% 4% 3% 3%
refrigerator 9% 7% 6% 9% 7% 6%
freezer 3% 3% 3% 3% 3% 3%
kitchen stove 18% 15% 13% 18% 17% 15%
television 5% 5% 6% 5% 6% 6%
video 2% 1% 1% 2% 1% 1%
HiFi 3% 2% 2% 3% 2% 1%
PC 1% 3% 3% 1% 3% 3%
PC screen 1% 2% 2% 1% 2% 2%
printer 0% 0% 0% 0% 0% 0%
net 2% 2% 2% 2% 2% 3%
servers 0% 1% 1% 0% 1% 1%
other multimedia 3% 4% 6% 3% 5% 6%
lighting 15% 15% 14% 15% 8% 6%
building services 12% 9% 8% 12% 11% 10%
others 8% 12% 16% 8% 14% 20%

TOTAL 100% 100% 100% 100% 100% 100%

Source: Author’s own calculations and assumptions

second half of this century. This scenario is based partially on Sce-
nario IV of the Swiss Energy Outlook, which is similar to scenario III,
but also includes additional estimations of potential energy savings on
white and some brown electrical appliances. This scenario assumes
policies at least at the European level, because it requires major tech-
nical improvements at low additional appliance prices, which can only
be achieved through large-scale production.

The data for a fully electrified household with one electrical appliance
and the present and future distribution of electrical appliances in the aver-
age residential dwelling of this scenario reflect the efficiency improvements
assumed for almost all categories (except for building services and others
(see Table 3.13). This leads to a substantial reduction of in average power
demand of 20%, starting at 700 watts in 2005 and falling to below 560
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Table 3.12: Electricity demand, per appliances and power mode, in 2005 and in
2035, city of Zurich, Reference Scenario, in TJ per year.

Appliance Electricity demand in 2035 Electricity Demand
type in 2005, in TJ/year in 2035, in TJ/year

On Off St-by On Off St-by

hot water 236 0 18 239 0 19
washing machine 120 0 19 106 0 17
tumble dryer 51 0 7 64 0 8
dishwasher 94 0 4 122 0 5
refrigerator 232 0 0 200 0 0
freezer 89 0 0 116 0 0
kitchen stove 449 0 19 433 0 18
television 75 0 47 167 0 30
video 2 0 40 3 0 31
HiFi 19 0 50 19 0 51
PC 9 3 6 82 4 5
PC screen 7 3 6 46 4 5
printer 3 1 2 5 2 3
net 12 0 36 55 0 25
servers 3 0 3 34 0 7
other multimedia 24 3 42 170 3 48
lighting 368 0 24 457 0 30
building services 317 0 0 261 0 0
others 94 0 126 312 0 230

TOTAL 2204 10 449 2891 14 534

Source: Author’s own calculations and assumptions

watts per appliance stock in 2035 for the 2000Watt-Society Scenario. As
discussed in Section 3.2.2, the efficiency of appliances usually improves (see
left columns in Table 3.13. Only four categories of the information and com-
munication technologies increase their power demand due to fast diffusion
(i.e. PCs, PC screens, servers, and other multimedia), and finally “others”).
This means that for all other appliances, efficiency improvements more than
compensate for the growth effect of more appliances. In total the power de-
mand is reduced by more than 20% between 2005 and 2035, i.e. by 0.75% per
year. In relation to the development of the Reference Scenario, the efficiency
improvement of the total stock is more than 38% or 1.6% per year.

Considering the average power demand per dwelling with the assumed
penetration rates of the different types of appliances (see Table 3.5), the
influence of improved efficiency and the increasing diffusion per dwelling of
the electrical appliances only slightly reduce total power demand, with a
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Table 3.13: Power demand per appliance and per dwelling, 2000 Watt-Society Sce-
nario, 2005 to 2035, in watts per appliance.

.

appliance power demand power demand
per appliance in watts per dwelling in watts

2005 2020 2035 2005 2020 2035

hot water 259 238 210 67 61 54
washing machine 23 19 14 22 18 13
tumble dryer 28 14 10 11 6 6
dishwasher 34 20 14 20 14 11
refrigerator 29 19 16 37 25 21
freezer 35 23 19 15 12 11
kitchen stove 82 69 61 74 63 57
television 17 17 16 2 1 1
video 7 2 2 9 3 3
HiFi 8 4 4 7 4 4
PC 5 13 11 7 17 15
PC screen 4 8 6 3 8 7
printer 4 4 3 2 4 3
net 3 3 3 1 1 2
servers 4 5 6 8 15 25
other multimedia 13 20 27 3 14 25
lighting 56 18 12 56 18 12
building services 50 43 37 57 67 74
others 37 61 86 34 57 80

“SUM” 698 599 556 435 410 423

Source: Author’s own calculations and assumptions

minimum around 2020: The total of 435 watts in 2005 is reduced to 410
(−6.2%) by 2020. It then shows some growth to 422 watts in 2035 (only
−3% relative to 2005) due to more intensive use of electrical appliances
in most private households and implicitly due to higher income per capita
assumed for the following 15 years (see Table 3.13).

Compared to the Reference Scenario, however, the reduction of the power
demand of a dwelling is substantially reduced by 13.5% by 2020 and by
almost 20% by 2035, i.e. an additional efficiency gain of 0.71% per year.

3.3.3 Warmer climate scenario

This scenario is currently calculated only for the European level. With a
warmer climate (+4◦C by the end of this century), a very high increment
of cooling degree-days (CDD) is projected, from an increment of 28% in the
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Table 3.14: Electricity demand for appliances in Zurich, 2000 Watt-Society Sce-
nario, in PJ per year, and early change in %.

.

appliance ev. Demand Changes
in TJ vs 2005 vs Ref.

2005 2020 2035 2020 2035 2005 2035

hot water 254 260 243 2% -5% -1% -6%
washing machine 139 106 75 -24% -46% -22% -39%
tumble dryer 57 45 38 -22% -33% -32% -47%
dishwasher 98 92 73 -7% -25% -24% -42%
refrigerator 232 186 150 -20% -35% -16% -25%
freezer 89 86 76 -4% -14% -20% -34%
kitchen stove 468 441 403 -6% -14% -5% -11%
television 123 154 152 26% 24% -9% -23%
video 42 26 15 -38% -65% -27% -56%
HiFi 69 53 34 -24% -51% -23% -52%
PC 19 78 83 319% 344% -3% -10%
PC screen 16 48 47 205% 196% -5% -16%
printer 7 11 10 67% 54% -1% -3%
net 48 58 80 22% 67% 0% 0%
servers 6 23 39 285% 564% 0% -5%
other multimedia 69 124 171 80% 148% -4% -23%
lighting 391 202 161 -48% -59% -57% -67%
building services 317 295 261 -7% -18% 0% 0%
others 220 378 542 72% 147% 0% 0%

TOTAL 2663 2665 2652 0% 0% -15% -23%

Source: Author’s own calculations and assumptions

Mediterranean countries, to a +237% in a temperate country (Ireland) (see
Table 3.3).

The increment of cooling demand varies considerably between countries
without a clear pattern at first glance (see Table 3.16). These variations are
due to the initial level (“cultural” and climate effects) and the increase factor
(climate and income effect). Considering the current trend (with constant
climate), a warmer climate in 2050 will increase the cooling demand from 10
to 72%, but comparing actual data, the increase (trend and warmer climate)
is much higher from 130 to 590%. For these reasons, policies concerning
air conditioning (efficiency and passive building technologies) are important
whatever the state of the climate in the future.
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Table 3.15: Electricity demand, per appliances and power mode, in 2005 and in
2035, the city of Zurich, 2000 Watt-Society Scenario, in TJ per year.

Appliance Electricity demand in 2035 Electricity Demand
type in 2005, in TJ/year in 2035, in TJ/year

On Off St-by On Off St-by

hot water 236 0 18 224 0 19
washing machine 120 0 19 63 0 12
tumble dryer 51 0 7 34 0 5
dishwasher 94 0 4 71 0 3
refrigerator 232 0 0 150 0 0
freezer 89 0 0 76 0 0
kitchen stove 449 0 19 387 0 17
television 75 0 47 140 0 12
video 2 0 40 2 0 12
HiFi 19 0 50 18 0 16
PC 9 3 6 73 4 5
PC screen 7 3 6 37 4 5
printer 3 1 2 5 2 3
net 12 0 36 55 0 25
servers 3 0 3 32 0 7
other multimedia 24 3 42 119 3 48
lighting 368 0 24 151 0 10
building services 317 0 0 261 0 0
others 94 0 126 312 0 230

TOTAL 2204 10 449 2209 14 429

Source: own calculations and assumptions

3.3.4 Sensitivity analysis

As the RESAPPLIANCE model is quite differentiated regarding the type of
electrical appliance, power demand, the yearly stock contribution, different
modes of operation, the yearly operating time, and finally its market diffu-
sion, many assumptions could be slightly changed in a sensitivity analysis.
Various strategies could be employed, such as assuming the minimum or the
maximum electricity demand in a given scenario, in order to derive some in-
dication of the uncertainty generated by so many variables and assumptions
over a time horizon of 20 years. But it would also provide an indication of
the influence of lifecycle, which cannot be substantially changed by policy
measures or marketing campaigns because most people keep their appliances
until the end of their usual product lifetimes.

The sensitivity analyses could also be used to identify certain modifica-
tions of policies such as limiting efficiency regulations to specific types of
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Table 3.16: Energy demand for cooling (CD) in PJ in the service sector, in ref-
erence scenario (+4◦C) and relative difference in comparison with
baseline scenario (constant climate) in 2005, 2020, 2035 and 2050.

country 2005 2020 2035 2050

CD diff CD diff CD diff CD diff

Austria 2 13% 7 33% 12 49% 13 59%
Baltic States 1 4% 4 10% 7 15% 8 18%
Belux 2 8% 6 29% 11 48% 11 56%
Bulgaria 5 10% 11 25% 15 39% 15 47%
Czech Republic 4 7% 9 18% 11 27% 12 31%
Denmark 1 4% 2 14% 3 25% 3 28%
Finland 1 9% 1 30% 2 49% 2 54%
France 31 10% 89 28% 132 43% 133 52%
Germany 16 7% 42 21% 61 32% 66 39%
Greece 18 3% 33 10% 43 18% 47 32%
Hungary 2 15% 7 38% 11 58% 11 70%
Ireland 1 0% 1 4% 2 7% 2 10%
Italy 102 5% 196 14% 258 23% 259 31%
Malta/Cyprus 2 1% 5 4% 6 12% 7 28%
Netherlands 3 8% 6 23% 9 37% 9 42%
Norway 0 9% 1 26% 2 42% 2 47%
Poland 5 8% 20 16% 34 24% 35 28%
Portugal 8 14% 27 28% 49 40% 53 51%
Romania 13 8% 32 18% 49 27% 56 33%
Slovakia 2 12% 6 33% 9 51% 9 61%
Slovenia 1 9% 2 29% 3 47% 3 55%
Spain 94 6% 232 12% 298 19% 314 28%
Sweden 1 18% 2 39% 3 62% 4 72%
Switzerland 2 13% 7 30% 11 44% 11 52%
United Kingdom 12 1% 24 9% 35 17% 38 22%

North Europe 3 12% 7 27% 10 43% 11 48%
West Europe 69 8% 183 23% 274 36% 283 44%
Central-East E. 16 9% 48 21% 74 31% 77 36%
South Europe 241 6% 536 14% 719 23% 751 31%

Total Europe 329 6% 774 17% 1076 27% 1122 35%

Source: Author’s calculations and assumptions (Jochem et al., 2008)
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appliances or requiring that the regulations be implemented by the trade
and importing firms by specific dates.

The potential of the sensitivity analysis of the RESAPPLIANCE model
is quite large, but no specific attempt has been made to demonstrate it in
detail. This is left to concrete applications of the model in the future.

3.3.5 Limitation of model, data, and concept

In developing the RESAPPLIANCE model, we encountered certain limita-
tions and found certain areas that need further research and clarification as
well as more empirical data and studies.

• Disaggregation: Although the bottom-up model is quite detailed, there
is still a limited number of appliances. These limits concern:

– the number of appliance types. Some studies survey other ap-
pliances, so by mixing various surveys one could include more
appliances and specific types. On the other hand, it is difficult
to make reliable projections of the future market diffusion of all
types of appliances.

– differentiation in type of households: different use according to
the number of persons in the dwellings, differences in use accord-
ing to the geographical location (urban, countryside), or differ-
ences in income of the dwellings. Grieder and Huser (2005) hint
to these aspects, but there is need for more studies with larger
and representative samples. The aging population may have a
substantial impact on the use of some electric appliances. This
has not yet been analysed.

– differentiation of use and lifestyle in different scenarios, which was
totally excluded in this thesis, even though this certainly has a
substantial influence on operating hours or investment decisions.

This disaggregation affects market diffusion, power requirements, and
operating times.

• Substitution and second (and third, etc.) appliances: The model as-
sumes that new appliances substitute for the old appliances, but in re-
ality in some cases people tend to use the old appliance as a secondary
device or give it to a second-hand shop, their children, or neighbours.
However, the RESAPPLIANCES model does not take into account
this impact of secondary use of electrical appliances. This aspect may
lead to underestimates of market diffusion and of power and electricity
demand.

• Technologies and related policies: The RESAPPLIANCES model only
simulates an average appliance per type and construction year, not the
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technologies and the choices among the technologies according to their
efficiency performance. Although it would be extremely difficult and
expensive to simulate technologies for the long-term in such detail, it
would be useful for short-term simulation of certain policies such as the
“top runner” regulation in Japan. This policy declares the efficiency
of the most efficient appliance of a given year the minimum efficiency
standard all new appliances of this type have to meet within a few
years. One could also consider changing lifetimes of selected electric
equipment as another example to calculate the impact on electricity
demand of various policies.

• Cost of more energy-efficient appliances: Prices of electric appliances
do not reflect different levels of efficiency of a particular appliance.
There are many attributes of an electric appliance that determine its
price, including the buyer’s willingness to pay. Therefore, the second-
best method of the applicable investments (see Section 2.2.6.2) had to
be chosen.

In principle, process-oriented models like the RESAPPLIANCES have
the disadvantage that many expert judgments have to be made due to the
lack of empirical data at that differentiated level. This problem is left to
the engineer when projecting technical parameters such as efficiencies. How-
ever, in other cases, such as the market penetration of an appliance or the
choices of private households made among variably efficient appliances, a
combination with econometric methods would reduce the guesswork for the
input data (see Chapter 5).

3.3.6 Policy conclusions

Electrical appliances are mass-produced and are therefore well suited for
technical standards as an efficient policy option to improve their energy-
efficient use. However, policies for electrical appliances are not easy to im-
plement. They often need international cooperation among governments
since most electrical appliances are globally produced and traded. Thus the
realisation of the 2000Watt-Society Scenario of Zurich can only be envisaged
if a common policy is put in place at least at the level of the Swiss federal
government and the EU.

The electricity demand of appliances is mainly driven by four parameters:
the number of dwellings, market diffusion, operating time, and specific power
demand.

The first driver is nearly independent of policies, as the number of dwell-
ings depends on demographic developments, income per capita, professional
mobility, the number of singles, and other influences.

Also, the market diffusion is scarcely influenced by energy-related poli-
cies. Marketing campaigns of the producers, perceived comfort, and social
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prestige as well as available income per household and the age of the investor
may influence the speed of market diffusion.

Thus, in view of the third and fourth drivers, i.e. operating time and
the specific power demand (or specific electricity consumption), these two
aspects seem to be the focus of energy and climate polices.

• Operating time represents in many appliances today a large electricity
loss, so reducing stand-by state is a potential target for energy effi-
ciency (see Table 3.12 and Table 3.15). Reducing operating times in
stand-by state could reduce electricity demand by 30%–60% in many
cases for information and communication appliances as well as coffee
machines and brown goods: the average reduction is estimated to be
16.9%–15.6% (see also Figure 3.2). It should be noted that this mea-
sure barely requires any additional investment but uses available chips
for controlling the stand-by state. An efficiency policy at the European
level could introduce a maximum electricity demand of the stand-by
state (as implemented at the federal level in the U.S., which requires a
maximum stand-by power demand of one watt). Also, lighting could
be targeted, with automatic switch-off sensors, as used in offices, but
it seems this is not readily accepted by many households. However, it
could be introduced in certain areas of a residential building such as
staircases, basements, etc.

• The other policy target is to influence the specific power demand.
In particular, those appliances with long lifetimes should be the fo-
cus of present policy and related technical standards. If in these ar-
eas (such as freezers, washing machines, tumble dryers, dishwashers,
kitchen stoves, and building services) currently feasible efficiency im-
provements are not realised by the todays investors, the unnecessarily
inefficient appliances will be operating for another decade or more.
The present labelling scheme of the European Commission is obvi-
ously not sufficiently strict or flexible to scale up the best efficiency
standard as is achieved by the “top runner” scheme in Japan.

Policies focused on the last two drivers of electricity demand of appliances
have to take into account the necessity to produce the highly efficient goods
on a large scale. For Switzerland or Europe, the policies also could consider
that imported appliances have to meet given standards, which have to be
effectively controlled.

Even if the European countries or OECD countries were to implement
a strict efficiency policy for electric appliances, the reduction of total elec-
tricity demand per capita could not be more than some 1.5% per year for
two reasons: the lifecycle of long-lasting appliances and the trend towards
larger and greater numbers of electric appliances in private households often
induced by increases in private households’ available income.
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Figure 3.2: Changes in electricity consumption per dwelling in on and in
stand-by states, in Reference Scenario (origin of arrows) and in
2000 Watt-Society Scenario, Zurich, in 2035 (logarithmic scale).



Chapter 4

Heat demand and generation
in buildings

The heat demand in residential and commercial buildings plays an important
role in the energy demand (about 20 to 30% of the total) of a country with
a temperate climate. Therefore, buildings, with their significant demand
for fuels also represent a great opportunity to reduce heat loss. However,
because of the long re-investment cycles (often three to five decades) of
buildings and severe obstacles: a lack of knoweledge by building owners
and architects, buildings demand attention by policy makers: the emissions
and related demand for fossil fuels of new or refurbished buildings with
high heat losses (due to lack of adequate policies and building codes) will
maintain their levels for half a century.

From the Swiss energy statistics, the fuels in the residential sector amount
to about 22% of total final energy and the fuels in the service sector to
about 9%, in 2006 (BFE, 2007b). As most of the fuels used to heat build-
ings are fossil fuels, heat demand also contributes substantially to energy-
related CO2 emissions. The residential sector emitted about 30% of total
CO2 emissions and the service sector 12% in 2005 (BFE, 2007a). These
shares are relatively high because the electricity generation in Switzerland
is nearly CO2-free (almost 60% by hydro power and 35% by nuclear) and
because direct electrical heating (by resistance) is strictly limited by regula-
tion, avoiding additional high energy electricity demand for low-temperature
heat.

The energy demand of buildings for heating could be dramatically re-
duced by using highly insulated building components (e.g. roofs, walls, win-
dows, doors), without affecting the comfort or changing the lifestyle of the
residents. The reduction of heat demand may bring about additional bene-
fits (co-benefits), e.g. greater comfort because of uniform room temperature,
or better noise protection (see Ott et al., 2006).

The modelling of energy demand stemming from the heating of buildings
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is somewhat simpler and more accurate than that of other final energy sec-
tors, mainly because of better predictability of long-term changing drivers
such as population fluctuations, changes in the living area per capita de-
pending on per capita income, and a slight increase in room temperature
due to increasing demand for comfort, again depending on per capita in-
come. In the other final energy sectors, it is more difficult to estimate
medium-term changing drivers such as future mobility, industrial produc-
tion (re-allocation, inter-industrial structural changes) or electricity demand
(possible future use of electrical appliances and their market diffusion).

In addition, the development patterns of the building stock (new con-
struction, retrofitting, and demolition) is much less dynamic than the life-
cycle patterns of electrical appliances or many manufacturing processes,
machinery, or cars. Buildings can last for centuries, and retrofittings are
carried out within periods of 12 to 30 years (e.g. heating systems, windows
and doors, air conditioning systems) up to 50 years and more (structural
components, façades, roofs).

Although the modelling of the energy demand of buildings may be less
sophisticated, it is important with regard to its political relevance: due to the
long lifecycles of buildings and their components, timely and strict building
codes are critical in order to avoid long-lasting high levels of fossil fuel use
for heating or cooling and to avoid the related high levels of energy-related
CO2 emissions.

The Models

The author developed and used several models for projecting the heating
demand of various types of buildings. These models are grouped into two
categories:

• RESIDENT for buildings and homes in the residential sector and

• SERVE for buildings and process energy demand in the commercial
sector.

There was also a difference in geographic coverage ranging from the city
level to the national level in 29 European countries1 (see Table 4.1). In
this chapter, we limit the description to SERVE-04, simulating the service
sector in Switzerland, and to RESIDENT-ZH06, simulating the buildings
of the residential sectors of a city like Zurich, and to some extent for the
European country level for both sectors.

The RESIDENT and SERVE model are quite similar in their basic struc-
ture, but differ by type of building (e.g. single and multi-family houses, or

1Austria, Baltic States (Estonia, Latvia, Lithuania), Belgium/Luxemburg, Bulgaria,
Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary, Ireland, Italy,
Malta/Cyprus, Netherlands, Norway, Poland, Portugal, Rumania, Slovakia, Slovenia,
Spain, Sweden, Switzerland, United Kingdom.
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Table 4.1: Heating demand models for residential buildings and commercial sec-
tor, with different geographic coverage, developed in this dissertation.

Residential sector Commercial sector

Country (Switzerland) RESIDENT-05 SERVE-04, SERVE-05
City (Zurich) RESIDENT-ZH06 SERVE-ZH06
Multiregional (Europe) RESIDENT-E06 SERVE-E06

differently equipped service and office buildings), hot water demand and
drivers of energy demand such as population or number of employees.

The building structure at the level of Switzerland and Zurich (i.e. co-
horts, fuel types, retrofittings) is the same. Due to the lack of data at the
European country level, however, the structure of the European model had
to be simplified and adapted to available data, to calculated data derived
by statistical and econometric methods, and even to assumptions, instead
of using empirical data. The models use the following variables:

• Drivers: the heating floor area estimated from population figures or
number of employees (see transformation module in Section 5.1).

• Building stock dynamics: this part simulates the floor area develop-
ment using cohorts of construction years or periods, the status of ret-
rofitting per period, and the structure of fuels.

• Heat demand: using the specific heat demand of some characteristic
buildings (e.g. described by their year of construction (cohorts) and
the type and intensity of retrofitting).

• Heating system: the conversion efficiency of an energy heating system
(i.e. conversion and distribution) and its replacement is simulated to
calculate the final energy demand for heating.

• Others: This is a collection of other relevant variables such as the user’s
behaviour, the hot water demand (and generation), and additional
policies (which do no fit in the other parts of the model).

• Costs and benefits: this sub-model includes a cost-benefit calcula-
tion, mainly referring to specified technological models, but also im-
plemented via some aggregation of cost estimates (see applicable in-
vestment cost in Chapter 2.2.6.2, and investment costs in 5.2.1).

4.1 Methods

The models describing the two final energy sectors (residential buildings
and service sectors) are bottom-up cohort models, sometimes called process-
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oriented models. The models are quantitatively based on defined technolo-
gies and building types, but unlike engineering models they do not cap-
ture specific technical details about specific homes, buildings, and related
technologies. They simulate representative groups of typical buildings and
related technologies and their past and future development. The two mod-
els can simulate the medium to long-term future (until 2035/2050) without
using highly speculative estimates of the new and future technological de-
velopments, because of the long lifecycle of buildings and the understanding
of advanced types of construction, such as low energy and passive buildings.

Of course, the two models — particularly the European versions — could
be developed in greater technical detail, but as they should possess the
same structure for all 29 European countries or country groups to facilitate
transparency and simultaneous calculation, the level of technical detail was
determined by the minimum data availability. It will be easy to increase the
level of technical detail — and to supply additional sub-models — when the
data and forecasts become available.

To overcome some of the limitations of bottom-up models (see Chap-
ter 6.1.1), the Swiss and the European versions of the models are coupled
in a soft link with macroeconomic models (see Chapter 5).

Major components of the models are described in more detail in the
following sub-sections (see Section 4.1.1 to 4.1.6), and a more technical
description of SERVE04, the Swiss version of the service sector, is given
in Catenazzi et al. (2008). Limitations of the models are discussed in Sec-
tion 4.1.7.

4.1.1 Building dynamics

The building dynamics component defines the core data of the whole model:
the heated floor area (see Chapter 4.1.1.1), split for each type of building
into cohorts according to year (or period) of construction, and status of
retrofitting. These specified floor areas are then used in nearly all the other
sub-models.

4.1.1.1 Floor area dynamic

The heated floor area is defined as the floor area that is normally heated
in moderate climates when outdoor temperatures drop, as defined in SIA
(2001). Thus the floor area of residential buildings includes the living rooms
(including kitchens and bath) and some central spaces (corridors, stairs), but
excludes basements and some technical rooms. The floor area in the service
sector includes all office and social area and all floor areas frequented by
customers, pupils, students, audiences, etc. In some cases and countries,
a certain percentage of the floor area in specified buildings (large office
buildings) or branches (supermarkets, theatres) may be air-conditioned.
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The floor area concept is very often used for simulating energy demand
in buildings in bottom-up energy modelling because it is a physical driver
that can be easily related to energy demand if the losses of the building’s
envelope and the efficiency of energy conversion are known. In some cases
energy drivers for the two final energy sectors are based on other dimensions
— mostly in more aggregated bottom-up models (like POLES), and for
countries where data on floor areas are lacking and only simple drivers like
population or number of employees are known. On the other hand, there
are more detailed energy demand models that use the volume of homes
and buildings (i.e. ceiling heights) which provide an even better prediction
of the energy demand in buildings. Considering the correlation between
ceiling heights and construction period in multi-family households, a high
differentiated cohort model could reduce most of the uncertainty.

The three levels of geographical coverage of the two models use three
different sets of variables and related differentiation and data sets:

• At the Swiss country level, we used data from the Swiss energy outlook
(Aebischer and Catenazzi, 2007), drawn from the data for the building
stock provided by Wüest & Partner (2004). This data set includes the
floor area for 16 building types (three in the residential sector and 12 in
the service sector and one for mixed residential-commercial buildings)
and 18 categories of building age for several periods before 1990 and
for every year between 1990 and 2003. A forecast for every five years
from 2005 until 2035 was taken from the Swiss energy outlook. Fur-
ther, the floor area projections include two data sets for two different
scenarios: one for the Reference Scenario and the second data set for a
High Economic Growth Scenario. These data are linearly interpolated
both for the simulation year and for the additional cohorts, to obtain
uniform data sets for the projected time period.

• The simulation of floor area at the city level (Zurich) and of the 29
European countries was calculated endogenously, using population es-
timates, number of persons per household, and floor area per dwelling;
In the case of services, specific floor area per employee and the number
of employees were used as drivers (see details in Section 5.1).

4.1.2 Retrofitting of buildings

When using the cohort concept for simulating a building stock, including
the retrofitting of the current building stock is a weak point due to the lack
of data on the status of retrofitted buildings of the present stock. Collecting
data on retrofitted buildings is one of the most interesting empirical research
areas of energy policy in many European countries.

Originally SERVE (version 1994–1996) had three retrofitting classes:
none, partial, and full retroffittings, which were based on survey and model
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data given by Wüest & Partner (1994). However, there is no exact defini-
tion of any of the three classes (e.g. insulated roof or basement, high-efficient
windows or insulated façades), as they were only characterised by a mean
unit heat demand per floor area.

For the Swiss Energy Outlook of 2007 (Aebischer and Catenazzi, 2007),
the author improved the model, adding two additional types: second partial
retrofitting and second full retrofitting. These additional retrofitting types,
reflecting the present state of the art of cost-effective heat protection, were
included in order to allow the model to make long-term simulations and to
simulate extensive or additional retrofittings assuming strict future policies
for the existing building stock or due to high energy prices and reduced
cost for insulation and new heat converters (Catenazzi et al., 2008). The
relevant re-investment cycles differ substantially, depending on the building
component (see Table 4.2).

Table 4.2: Re-investment cycles (or lifetimes) and typical efficiency improvements
of retrofitted components of buildings.

Component Lifetime (in years)
Reference 2000Watt-Society
Scenario Scenario

Roof 42 40–34
Walls (insulation) 40 38–30
Windows 35 30–18

Source: Author’s assumptions

The retrofitting sub-model is not very well developed in SERVE05 due to
the well-established Swiss building data collected and published by Wüest
& Partner (1994, 2004). Alternatively, one could build one’s own model
(see i.e. Siller et al., 2007; Kost, 2006) in order to generate data for the
cohorts with aggregate data and assumptions on retrofitting, and data for
new buildings in the past. Such sub-models, which explicitly simulate the
retrofittings, offer the opportunity to develop various policy scenarios with
long time horizons and to analyse the limits of those policies given long re-
investment cycles or historic buildings whose façades should be maintained
(see Section 4.1.7). On the other hand, the published data are well recog-
nised and used in the Swiss energy outlook studies (Aebischer and Catenazzi,
2007).

4.1.2.1 Retrofitting buildings by components

Retrofitting by component is a new part of the model, designed to better de-
scribe the retrofitting dynamics and the related investment cost and reduced
energy cost, and also to make the assumed policies more transparent and to
simplify the supporting data management. Quite a few parameters (lifetime
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of the affected components, improvement of efficiency, investment cost and
reduced energy cost, etc.) can be described in a transparent manner instead
of using large retrofitting tables with average heat demand data. This sub-
model, developed by the author, covers three components with regard to
heat or cooling losses:

• Roof: roof insulation,

• Walls: insulation of façades, and

• Windows and doors with low heat transmission.

Each of these components has a specific lifetime (between retrofittings),
and impacts unit energy demand of the buildings (see Table 4.2).

This model does not go into a detailed simulation of the various choices
of insulation and materials as do physical models, but it gives estimates
about average improvements of efficient buildings based on assumed poli-
cies and their projected effectiveness in long-range projections. The cohort
model concept is important when studying the limitations of retrofitting
policies, given their long re-investment cycles, but also when identifying the
possibilities for reducing buildings’ greenhouse gas emissions over the next
four and more decades. The model can also be used to answer the question:
“Is it better (with regard to energy, saved costs, or reduced emissions and
related investment cost) to postpone the investment until new and less costly
technologies are available? ” Of course, this question can only be answered
by researchers and technologists discussing possible future development of
particular technologies considered.

The component sub-model is still in a preliminary version and used only
for the residential sector, i.e., it is only implemented in RESIDENT-05. It
is part of an ongoing study founded by the programme CCEM supported
by the Board of Swiss Institutes of Technology. The actual sub-model only
generates the retrofitting tables (as used in SERVE04), thus transforming
the three building components into four classes of retrofitting:

no retrofitting: with zero or one retrofitted component,

san1: with two to four retrofitted components,

san2: with five or six retrofitted components,

san3: with seven or eight retrofitted components, and

san4: with nine or more retrofitted components.

The subsequent calculations are still performed with these four retrofitting
categories instead of using components.
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4.1.3 Fuels for heating

The two models presently simulate eight fuel and heating systems:

heating oil: extra light oil for heating,

natural gas: methane from pipelines,

electricity: electric (resistance) heating and hot water boilers,

heat pumps: electric heat pumps only,

wood: firewood, pellets, and wood chips,

coal: solid fossil fuels,

district heat: heat supply (without transmission losses outside the build-
ings),

solar: thermo-solar heating or pre-heating systems, modelled as principal
heating systems, but usually installed as secondary or supporting sys-
tems.

The two models use these eight fuels as final energies, so the generation
of electricity or district heat is simulated in another bottom-up model ex-
cept for decentralised co-generation: an additional table describes the share
of oil and natural gas used for small engine-driven co-generation plants.
The electricity used by heat pumps is kept separate from other electricity
use for heating (resistance heat) in order to calculate the heat supply from
environmental sources.

The development of the fuel use model is based on the following ratio-
nale: buildings maintain their original fuel system until eventual substitu-
tion, given as probability. The simulation is done by a cohort assumption,
given the initial share in fuels, the share in new buildings, and an inter-fuel
substitution depending on trends and policies. The data of the base year
are taken from existing building surveys done within the national census of
countries, the building database of Zurich, and some estimates in the various
service sectors (see Section 4.2.4).

The fuels are substituted with a given yearly probability depending on
the year and the type of fuel. In the current model design, the fuel substi-
tution does not depend on building age, i.e. the model does not distinguish
between the cohorts, which leads to early substitutions of recently built heat-
ing systems. For this study, heating oil, coal, and resistance electric heating
are substituted by other fuels in a net substitution process, although other
additional substitutions may take place (e.g. substitution of firewood by
heating oil or of natural gas by solar thermal heat).

Priority is given to the substitution of fuels in heating systems that are
retrofitted; in case there are not enough heating systems to be retrofitted
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on a regular basis, additional substitutions start with the older cohorts of
heating systems. The substituted fuels are replaced according to a share in
new fuels. This share is time- and policy-dependent and exogenously given.
It does not reflect relative energy price changes through any relationship in
the model.

The two models do not simulate building demolitions or changes in build-
ings’ use (e.g. between service sub-sectors, or between the service and the
residential sector); hence, such changes of floor areas are not taken into
account. Only the net effect of increasing floor area is assumed as new
buildings are taken into consideration.

The description of substitution effects from higher fuel prices (e.g. by
increased CO2 taxes) in new buildings and the building stock is given sepa-
rately.

4.1.4 Efficiencies of heat generating system

The (conversion) efficiency of heating systems (eta, η) is defined as the
relation between the useful energy (heat) and the final energy needed to
generate it:

useful-energy = η · final-energy (4.1)

The definition of final energy, and thus the definition of the heating
system efficiency, depends on conventions used in energy economics and can
be greater than one in some cases for one of the following reasons:

• Definition of what is included in the final energy (which generally
is energy delivered to the customer by energy markets (e.g. for heat
pumps one considers as “final energy” only the electricity (or natural
gas) used to drive the heat pump, but not the heat taken from the
environment.)

• Definition of the energy content of final energies. Conventionally the
final energy is delivered in litres (heating oil) or cubic meters (natural
gas, wood). In the case of heating oil and natural gas, the energy
content is defined as the lower heat value, because at the time the
definition was coined, the experts did not believe that the heat con-
tent of the condensing vapour of the exhaust gases could be recovered.
However, the condensing boiler technique and special materials for
chimneys permitted capturing this energy content, leading to efficien-
cies close to or slightly above 100% efficiency.

In this study, we use the Swiss definitions of energy conversions (and
thus for efficiencies) as described in the Swiss energy statistics (e.g. see
BFE, 2007b).
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In SERVE and RESIDENT, the efficiency depends on fuels and on the
cohort of the heating system, so the value is a mean value of different tech-
nologies and sizes of heating systems (within the same fuel class), given by
the equation:

ηb,t,e,s =
∑

ka

FAb,t,e,s,ka

FAb,t,e,s

· ηka,e,s, (4.2)

where the indices are: b is the building cohort; t is the simulation time; e
the fuels carrier; s the building type (e.g. single- or multifamily houses); and
ka is the heating system age. ηka,e,s is an exogenous value for efficiency; and
FAb,t,e,s,ka and FAb,t,e,s are the disaggregated floor area (see Section 4.1.5.3).

Furthermore, the same efficiency is used for heating and hot water: the
heating efficiency is a mean value of high (in winter) and low (in summer,
for hot water generation) seasonal demand.

4.1.5 Combination of the three cohort sub-models into one
consistent sub-model

In the first version of SERVE, the characteristics of buildings (construction
year or period, final energies, heat generation systems and their efficiencies)
were separately calculated in three different cohorts, mainly because of com-
putational problems (memory demand and running time). One of the first
improvements of the RESIDENT and SERVE model was to consistently
combine the three cohorts into one algorithm. The calculation time of the
new sub-model increased according to the multiplication of the calculation
time of the three sub-models2, rather than the sum of the three parts, e.g.
an additional 15 minutes for each model. Demand on computer memory
increased by the same multiplicative factor. The trade-off is clear: more
time means more consistent results.

4.1.5.1 Combining heating system ages with building age

Heating systems have a lifetime of between 15 and 35 years, and in the last
10 to 15 years there has been a substantial improvement in the efficiency of
boilers (condensating boiler) and heat pumps, also due to control techniques
and better piping insulation. Thus, using a mean efficiency of the building
stock or the efficiency of new buildings and existing or new heat generators
can result in enormous differences in final energy demand.

Policy options for building codes and technical standards can be sim-
ulated by taking into account the construction of new buildings and the
re-investments of heat generators in the building stock. Specific final energy
demand will decrease for the newer (and future) buildings because of the

2really because with some optimisations, the calculation time is half of the theoretical
(multiplicative) single calculation times
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lower specific heat demand of the building and more efficient heating sys-
tems. And the cohorts of old buildings and old heating systems show high
data on specific final energy demand compared with the data of the uncom-
bined model, which calculates only an average heating system efficiency for
all buildings.

As an example, in Switzerland, there was a large increment of (new)
buildings heated with natural gas in recent years. Thus the mean age of
heating system is low, and with an higher efficiency, and this high efficiency
was used as an average figure in the old model. Considering the cohorts,
the old buildings have a worse heating system efficiency, which is multiplied
with a higher unit energy demand (e.g. because old buildings have less in-
sulation); while the new buildings will have a better efficiencies (with also
lower unit energy consumptions). The differentiation in new buildings and
old buildings by using cohorts with building age can give much better policy
recommendations.

Although this differentiation increases only slightly the the total final
energy demand of buildings and may even lose its importance in the long
term due to foreseeable limitations of efficiency improvements of new build-
ing and heat generating systems, it is nevertheless quite useful. It helps
quantify the impact of specific policies such as new boiler and heating sys-
tems standards or retrofitting standards for existing buildings, which it my
turn away energy policy.

4.1.5.2 Combining the heating system’s age with fuel substitu-

tion

Because more than 70 to 80% of final energy for heating buildings is based on
fossil fuels, particularly heating oil and natural gas, much of climate policy
has to do with the substitution of energy carriers. In addition, recent and
expected fossil fuel price increases coupled with the decreasing cost and more
convenient forms of renewables may also be a driver for fuel substitution in
the future.

Differentiating the heat system by allowing fuel substitution in cohorts
has a rather small effect in energy terms. As the oil-heated buildings are
usually older and often more common in the country side than in cities (i.e.
with poor insulation, high specific heat demand, and high shares in heating
oil use), and as re-investment cycles of oil boilers are shorter than those of
retrofitting the buildings, the new algorithm produces only slightly different
amounts of final energy for heating. This difference is rather small and
noticeable only in the first period of simulation, e.g. from 1990 to 2000.

The advantage the new model offers is particularly important from a
climate policy perspective if the government wants to identify and quantify
specific substitution policies, taking into account the age of oil and gas
boilers, the related heat demand of the buildings in the various cohorts, and
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the re-investment cycle for refurbishing the buildings concerned.

4.1.5.3 Summary and equations

Integrating the different cohorts and methods described in the previous sec-
tions, the disaggregated floor area, noted as FAb,t,e,s,ka, where: b is the
building cohort (year/period); t the simulation year; e the fuel carrier; s the
type of building (single- or multi-family household or subsector); and ka is
the heating system cohort year; is given by one of the following equations,
according to the case:

• On the initial year (i.e. on t = t0) the floor area defined by initial
conditions, defined exogenously by the fuel share (STb,e,s) and the
heating system initial cohort (HS.inka,e), according to the equation:

FAb,t,e,s,ka = FAb,t0,s · STb,e,s · HS.inka,e, (4.3)

• if ka > 0 (i.e. building with an old heating system), only HS.survka,e,t

heating system will survive:

FAb,t,e,s,ka = FAb,t−1,e,s,ka · FAfact · HS.survka,e,t, (4.4)

• if ka = 0 and b 6= t, i.e. on old building, but with new heating system)
we have:

FAb,t,e,s,ka =
∑

ka′

FAb,t−1,e,s,ka′ · FAfact · (1 − HS.survka′,e,t)−

FAfact · FA.substt,s,e,b, (4.5)

The first term of equation (4.5) describes the share of non-replaced
heating system (the complementary share of equation (4.4)), and the
last term describes the additional (possible negative) new heating sys-
tem given by fuel substitution;

• If ka = 0 and t = b (i.e. on new building):

FAb,t,e,s,ka = FAb, t, s · MAb,e,s, (4.6)

the fuel share is given exegenously by new market share MAb,e,s (see
Section 4.2.4) and using a precalculated total floor area FAb, t, s (see
Section 4.2.1).

Where the net fuel substitutions are given by FA.substt,s,e,b, ST is the ini-
tial fuel share, HS.in is the initial cohort split of heating system, HS.survka,e,t

is the survival probability of the heating system of fuel e, aged ka, at time
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t, and the aggregated floor area variables are derived through the following
equations:

FAb,t,e,s =
∑

ka

FAb,t,e,s,ka, (4.7)

FAt,e,s =
∑

b,ka

FAb,t,e,s,ka. (4.8)

4.1.6 Integrating costs

The methods of integrating costs in energy bottom-up models are described
in Chapter 2.2.6. In RESIDENT the costs of retrofitting and constructing
new building are calculated by applying costs curves. The costs of other in-
vestments such as re-investments in heat-generating systems and new build-
ings are calculated by means of discrete costs.

4.1.6.1 Cost curves for efficiency measures

The cost curves are derived from the discrete costs of the related invest-
ments, as found for example in Jakob et al. (2002) and Jakob (2006). The
efficiency improvements in single components of a building are combined for
typical sets of refurbishments to obtain a curve of increasing costs related
to increasing efficiency in energy use (or reduced heat losses). Bottom-up
models can make use of these cost curves in two different ways:

• When used to analyse policy scenarios, they are directly applied to
specify the additional energy (or heat) savings relative to the reference
unit energy consumption and taking the related additional investment
and related capital costs into account.

• When a high energy price scenario is assumed (e.g. because of in-
creased energy taxes or CO2 surcharges), the cost curves are applied
inversely by assuming that the additional energy price changes relate
to additional investments and the related efficiency improvements.

Mathematically:

UECb,s = K−1
t,s

(

Kt,s(UECb,s) + ∆Pt,e ·
100

ηb,t,e,s

)

(4.9)

where UEC is the unit energy demand (new building or by retrofitting,
K(. . . ) is the cost curve for the specific case, K−1(. . . ) is the inverse
function of K(. . . ); and η the mean efficiency (see Section 4.1.4). The
index b is the building cohort, t the simulation year, s the building
type and e the fuel. The unit energy demand and the cost curves are
calculated at level of useful energy (thus independent of efficiency),
but investor is interested in paid energy prices (thus at level of final
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energy). For this reason, the energy prices are adapted, e.g. in the case
of heat pumps, the electricity price has a smaller impact (e.g. 1/4) in
comparison with a conventional electrical heating system.

The second method is applied in several scenarios and sensitivity analyses
of the Swiss Energy Outlook study; thus, the cost curve method is fully
described in Catenazzi et al. (2008). For this dissertation report, the policy
scenarios of the City of Zurich (including the 2000Watt-Society scenario) is
documented, and here cost curves are directly applied (see Figure 4.1) to
obtain the cost data for the additional investments.
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Figure 4.1: Marginal cost curves, for new constructed multi-family dwellings. The
solid line describes the empirical data. The two dotted line are the
step-curves used in RESIDENT, for year 2005.

4.1.6.2 Discrete costs

In addition to the cost curves discussed and applied above, in some cases
costs are derived directly from discrete investments. In particular, this
method can be applied when clear distinct investment can be identified, such
as a gas boiler or a heat pump for single family houses or for defined types
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of multi-family dwellings or buildings in the service sector. This method is
generally used in cases of fuel substitution in RESIDENT and SERVE.

There are some data sources and studies which systematically report on
such discrete costs, as surveyed by Jakob et al. (2002, 2006) for the residen-
tial and service sectors. These data have also been used in the calculations
in this dissertation.

4.1.7 Limits of extreme efficiency and substitution scenarios

There has been an increasing demand for extreme energy scenarios induced
by ambitious targets for mitigating greenhouse gases over the next decades
out of climate policy considerations. In addition, possible large energy price
increases may soon be induced to stagnating global oil production. In this
context the word extreme means unusually fast changes in energy technolo-
gies and related energy demand and emissions relative to a reference scenario
that projects past and present trends of energy technology and policies into
the future.

In many cases, energy models — whether process-oriented, bottom-up
models or macroeconomic models — can only produce reliable results within
a given and limited space of their variables and causal relationships. There
are various aspects to these limitations:

• Econometric macroeconomic models or relationships between macro-
economic and bottom-up models may only be valid for a limited de-
viation of the drivers (e.g. energy prices, relative prices of goods and
services); but this limitation is often not known because of a lack of
empirical data and related econometric analyses.

• Bottom-up models run the risk in extreme scenarios of searching for the
solution (e.g. meeting the target) in technical terms, but completely
neglecting the possibilities that investors’ and energy consumers’ be-
haviour may change or that they would not accept the technological
changes the models are suggesting (e.g. driving smaller cars).

• Bottom-up models may not consider future technological innovations
and may restrict the technical options unnecessarily to presently-known
technologies (or those known to the modellers), while macroeconomic
models assume a certain policy-induced technological progress which
cannot be substantiated by concrete technologies today but may be
substantiated by new inventions and techniques in the next few decades.

Given these limitations of the energy models that should simulate ex-
treme scenarios, the analyst has to take care in designing the scenario and
specific assumptions on boundary conditions and technological developments
as well as in interpreting the results of these calculations. For example, the
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2000Watt-Society Scenario designed for the City of Zurich had to deal with
the limitations mentioned above:

1. On the one hand, the maximum technical potentials of heat protection
in buildings was known. What was not clear was the speed of market
diffusion of new passive buildings; the degree of political implementa-
tion through building codes; the length of time before demand from
building owners grew; and how soon planners and craftsmen would
recommend the same degree of heat protection of passive buildings in
the refurbishment of the existing building stock.

2. Assuming a 2000Watt-Society is implemented in 50 to 70 years, noth-
ing is known today about people’s possible value changes, specifically
whether they would demand the same increase in living space per
person assumed in the Reference Scenario or whether sustainability
considerations and changes in the demand for social prestige would
reduce this rate.

In both cases, one has to make assumptions — and most importantly — to
make them transparent in the description of the scenario design. Thus, we
assumed that after 10 years of good practices in new construction of passive
houses, homeowners of the existing stock would ask for this type of heat
protection within the re-investment cycle, and a majority of architects and
craftsmen would be capable of implementing this passive house standard. In
the scenario involving possible value changes of home and building owners,
we did not assume a reduction in the rate of increase of floor area per person
because of the current observetional evidence and information on this issue.

The RESIDENT model has no limitations on sharing heat generation
technologies and related fuels, which may be important if ambitious targets
for reducing greenhouse gas emissions from the residential sector are to be
achieved. However, at least one restriction on an overly rapid substitution
of energy carriers was available, namely the re-investment cycle, which used
the integrated cohort concept. The other limitation was the user’s choice of
central heating and hot water generation in the existing building stock and
the limits on the speed with which this mix could be changed. The integrated
cohort concept was also a good means of limiting the heat protection of the
residential buildings during the refurbishment and keeping track of the re-
investment cycles of windows, roofs and façades.

4.1.8 Heating demand in a warmer climate

One of the objectives of one research project was the adaptation of the
energy system to climate change within a 4◦C temperature increase during
this century relative to pre-industrial climate.

The impact of a warmer climate was only simulated by the European
versions of the three bottom-up models. A warmer climate reduces the
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energy needed for heating but in many European countries it increases the
electricity demand for cooling (see also Section 3.1.2). Other possible effects
of warmer climates e.g., changes in hot water demand due to more frequent
showers or more grilling and less cooking were not considered.

The key driver for evaluating the impact of the climate effect on heat
demand is represented by heating degree-days (HDD), which are defined for
the month m as (Isaac and van Vuuren, 2008):

HDDm = σm(Dm)1.5[h/2 +
ln(e−ah + eah)

2a
] (4.10)

where:

h =
|Tbase − Taverage|

σm

√
DM

(4.11)

a = 1.689 ·
√

DM (4.12)

σm = 1.45 − 0.29 · Ta + 0.664 · σy (4.13)

DM is the number of days in the month, Tbase is the average monthly temper-
ature over the last thirty years, Taverage is the average monthly temperature
of the projected climate, and σm is the standard deviation of the monthly
average temperatures from the annual average temperature.

The IMAGE model (Bouwman et al., 2006) calculated the heating/cooling
degree days for the warmer climate and also published the results for each
country (weighted by the population). Using the SIA building models, we
found (Jakob et al., 2008) that heat demand has an affine response on HDD:

HeatDemand = m · HDD + q (4.14)

which is nearly independent of the country and climate. The parameters m
and q depend on the building type and the energy efficiency. Well-insulated
buildings tend to have a smaller demand, with a smaller elasticity m and
a more negative q, which indicates that well designed buildings need no or
little heating for some days during cooler weather periods.

Figure 4.2 describes the enormous difference in unit energy demand as
a function of the heating degree days for buildings without specific energy
efficiency measures as compared with buildings that adhere to the MinergieP
(Passivhaus) standard. Interpolating the two curves with the country mean
of unit energy demand (the heating degree days are known), the model
calculates a country-specific curve. The model allows one to calculate a new
curve for each country according to the projected climate change using the
projected heating degree days of the warmer climate scenario in order to
obtain a new (reduced) unit heat demand.
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Figure 4.2: Unit energy demand (UEC) for heat (in MJ/m2), as a function of the
heating degree days for two typical buildings: without specific energy
efficiency measures (solid line), and with full MinergieP measures or
passive house standards (dashed line). The average heating degree
days for Greece, Switzerland and Sweden is shown.

4.2 Inputs (boundary conditions and cost — co-
benefit data)

4.2.1 Floor area

In the Swiss Energy Navigator, the floor area and their related cohorts are
given exogenously (via historical data analyses and projections), using data
from Wüest & Partner (2004). The Zurich Energy Navigator and the Eu-
ropean versions of RESIDENT and SERVE calculate the floor area endoge-
nously in the TRANSFORMATION module (see Chapter 5.1). The Zurich
version uses data from the Zurich building database, and Swiss building
census (but only for residential buildings and the past; i.e. no projections
(see Figure 4.3). As per capita floor area is very much dependent on per
capita income, floor area in the European residential sector increases more
(to 155 index) than in the Swiss residential sector (to 125 index in 2035)
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Figure 4.3: Relative evolution of floor area (100 in 2005), for the two models
(RESIDENT and SERVE) and three regions (Europe, Switzerland
and city of Zurich).

4.2.2 Unit heat demand of new buildings

The unit heat demand by new buildings is an exogenous variable from the
model perspective as it is estimated and calculated for each scenario ex-
ternally. Eventually (according the scenario definition) the unit heating
demand is adapted to the marginal cost curves described in Section 4.1.6.1.

The oldest buildings (older than 70 years, i.e. built before World War II)
have a lower unit energy demand because of the better insulation provided
by thicker walls. The buildings with the highest heat losses were constructed
in the 1950s and 1960s; they were built using the latest lighter construction
techniques but without special investments in heat protection. This changed
after the oil price crises in 1973 and 1979/80. Since then, building regulations
have been regularly tightened in most countries, which is reflected in the unit
heat demand of related cohorts of the RESIDENT and SERVE model.

In the reference scenarios, the unit energy demand of new houses and
buildings is assumed to improve because of technological progress stemming
from reduced cost of insulation, better know-how in insulation, and new
building materials, and partly also due to the direct improvement of insula-
tion technologies. This improvement has been estimated on the basis of ex
post analysis to range on the order of 0.5 to 0.6% per year (see Figure 4.4).

In the 2000Watt-Society Scenario, the author assumed strict building
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Figure 4.4: Unit energy demand for heat in typical new commercial build-
ings, Reference Scenario (solid line) and 2000 Watt-Society Scenario
(dashed line). Note: The values before 1960 represent the values from
1899 to 1960 with a compressed time axis.

policies: from 2011, all new buildings in Switzerland have to be built con-
forming to the Minergie standard without ventilation, i.e. 160 MJ/m2; from
2015, new buildings should comform to the Minergie P (Minergie Pas-
sivhaus) standard without waste heat recovery, i.e. 130 MJ/m2; and from
2020, new buildings should follow the Minergie P standard with waste heat
recovery, i.e. 60 MJ/m2 heat demand.

4.2.3 Unit energy demand for heat in existing buildings with
retrofitting

Present policies do not prescribe heat demand standards for existing build-
ings, except where major refurbishments or structural enlargements are
planned. The unit energy demand for heat, given by the various cohorts of
the building stock, has to be changed by assuming retrofitting measures de-
pending on alternative policy scenarios. Several parameters can be changed:
First, there is a given unit energy demand typical of a building constructed
in that time period, a technical improvement by additional heat protection
during the re-investment cycle of the building’s elements, and the share of
retrofitting (as improvement in percent relative to non-retrofitted buildings).
Additionally, the models have several other additional parameters (the in-
tensity of improvement, retrofitting acceleration with regard to shares and
faster than the re-investment cycle, and cost curves). These are described
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in Catenazzi et al. (2008). Of course, the assumptions involving these pa-
rameters are strongly related to the various policy measures assumed in
policy scenarios, which could not be described in detail in this dissertation.

In this study, the data inputs for the Reference and the 2000Watt-
Society Scenario are taken from data of the Swiss Energy Outlook study
(BFE, 2007a). The 2000Watt-Society Scenario exogenously modifies the
technical improvements for new buildings, and the improvement by retro-
fitting is assumed to follow these technical standards (with slight differences)
with a 5-year delay period, assuming that the architects and the craftsmen
are able (and willing) to apply their knowledge to existing buildings and
that the owners are forced or motivated to invest in the high-efficient op-
tions during the re-investment periods.

4.2.4 Fuel shares

For the city of Zurich, one can rely on several sources of fuel shares:

• The Swiss census: in 1990 and in 2000, a census complementary to the
population census was performed for residential buildings only. The
data show a higher share of electric heating in comparison with other
available statistics, probably due to non permanently-used buildings
(which was considered in the census) and to the use of small elec-
tric ovens as well as inadequate central heating systems of some old
buildings.

• The Zurich building database: this is a detailed database, starting
from early 1990, but only over the last years have the data been differ-
entiated by distinguishing residential and commercial buildings and by
splitting the commercial buildings into several commercial branches.

• Energy suppliers and trade: the energy suppliers of grid-based energies
(electricity and gas) delivered some useful data, for instance for Zurich:

– ewz (electricity) has data concerning the number of customers,
but sometimes households’ payments to real estate entities, con-
sumption by category (residential, commercial, and big clients),
to some extent by commercial branch, and the electricity demand
of customers requesting the special heat pump tariff.

– Erdgas Zürich (natural gas) has data about the number of resi-
dential and commercial customers, and the number of non-heat
system counters (usually cooking or decentralised hot water gen-
eration).

– ERZ (district heating) has data on heat demand of residential and
commercial customers and some future projections of demand.
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Oil and wood are decentrally distributed. Demand figures and data on
the distribution among sectors within the of city boundaries are not
clear.

• Zurich Energy Balance (Stadt Zürich, 2008). Every two years, the
City of Zurich publishes an estimate of fuel consumption in the city.

• Swiss energy outlook study, which provides some insight on future
development of fuels, technologies, and energy availability.

The results of the data research within the context of the ewz energy
navigator were compared with the Zurich Energy Balance. After some in-
teraction, personal communications, and data exchange, the sectoral models
of the ewz-Energy-Navigator and the Energy Balance were found to describe
the same basis in the base years. Additionally, a city study of the potential
of solar thermal collector systems (Stadt Zürich, 2007) was used to set up
the solar energy supply in the 2000Watt-Society Scenario.

Table 4.3: Fuel share in new buildings, in the residential sector, Zurich, Refer-
ence Scenario, 2005 to 2035 Note: For buildings before 1990, the data
describes the state in 1990, i.e. eventually with fuel substitutions.

.

fuel 1947–60 1975 1990 2005 2020 2035

oil 65% 56% 27% 19% 11% 3%
natural gas 25% 34% 54% 58% 64% 67%
electricity 0% 0% 0% 0% 0% 0%
heat pumps 1% 1% 7% 9% 10% 15%
wood 1% 0% 0% 0% 1% 1%
coal 0% 0% 0% 0% 0% 0%
district heat 8% 9% 11% 14% 14% 14%
solar 0% 0% 1% 0% 1% 1%

TOTAL 100% 100% 100% 100% 100% 100%

Source: Author’s assumptions

For the city of Zurich, natural gas and electrical heat pumps are the win-
ners in the Reference Scenario at the expense of heating oil (see Table 4.3).
The picture changes in the 2000Watt-Society Scenario, particularly for nat-
ural gas, which faces a decrease in market share due to intensive growth of
heat pumps, solar thermal collectors, and wood use in the form of pellets
and chips (see Table 4.4).

4.2.5 Heating degree days

The IMAGE model calculated the heating degree days for various climate
scenarios including the 4◦C Scenario, which is at the upper limit of the
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Table 4.4: Fuel share in new buildings, 2000 Watt-Society Scenario, and difference
compared to Reference Scenario, 2005 to 2035.

.

fuel 2005 2020 2035
value diff value diff value diff

oil 19% 0% 7% -4% 1% -1%
natural gas 58% 0% 57% -7% 38% -29%
electricity 0% 0% 0% 0% 0% 0%
heat pumps 9% 0% 14% 4% 25% 10%
wood 0% 0% 4% 3% 8% 7%
coal 0% 0% 0% 0% 0% 0%
district heat 14% 0% 16% 2% 16% 2%
solar 0% 0% 3% 3% 12% 11%

TOTAL 100% 0% 100% 0% 100% 0%

Source: Author’s assumptions
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Figure 4.5: Fuel share in new buildings in Reference scenario and in 2000 Watt-
Society scenario, City of Zurich.

climate change expected during this century (see Section 4.1.8 for the defi-
nition). The climate is calculated globally, and the results are published as a
mean national (population-weighted) value for 224 countries and territories.
We further weighted by population the multi-national regions of Europe (see
Table 4.5), including Switzerland which result in −14% or −12% reduction
for 2035 and 2050, respectively.
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Table 4.5: Heating degree days with constant climate (mean 1980–2000), and with
warmer climate( in 2005, 2020, 2035 and 2050).

.

country mean 2005 2020 2035 2050

HDD HDD diff HDD diff HDD diff HDD diff

AT 4036 3925 -3% 3754 -7% 3515 -13% 3304 -18%
BeLux 2858 2794 -2% 2677 -6% 2531 -11% 2385 -17%
DK 3598 3533 -2% 3423 -5% 3258 -9% 3100 -14%
FI 5201 5082 -2% 4905 -6% 4690 -10% 4493 -14%
FR 2601 2534 -3% 2399 -8% 2243 -14% 2070 -20%
DE 3272 3181 -3% 3028 -7% 2841 -13% 2672 -18%
GR 1641 1557 -5% 1481 -10% 1387 -15% 1273 -22%
IE 3239 3205 -1% 3095 -4% 2875 -11% 2677 -17%
IT 2221 2148 -3% 2031 -9% 1860 -16% 1711 -23%
NL 2996 2921 -2% 2775 -7% 2604 -13% 2462 -18%
PT 1330 1262 -5% 1181 -11% 1043 -22% 934 -30%
ES 1867 1782 -5% 1665 -11% 1526 -18% 1389 -26%
SE 4404 4313 -2% 4194 -5% 4039 -8% 3877 -12%
UK 3204 3149 -2% 3024 -6% 2814 -12% 2636 -18%
NO 5035 4942 -2% 4813 -4% 4634 -8% 4437 -12%
CH 4128 4003 -3% 3815 -8% 3570 -14% 3365 -18%
Baltic 4384 4286 -2% 4162 -5% 3993 -9% 3819 -13%
HU 2990 2907 -3% 2785 -7% 2615 -13% 2466 -18%
PL 3697 3632 -2% 3470 -6% 3266 -12% 3090 -16%
CZ 3740 3633 -3% 3466 -7% 3246 -13% 3052 -18%
SK 3856 3744 -3% 3573 -7% 3346 -13% 3138 -19%
MED 687 658 -4% 617 -10% 555 -19% 436 -36%
SI 3337 3238 -3% 3072 -8% 2884 -14% 2698 -19%
BG 2957 2863 -3% 2759 -7% 2615 -12% 2478 -16%
RO 3327 3219 -3% 3095 -7% 2932 -12% 2765 -17%

Source: IMAGE model (Bouwman et al., 2006)
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4.3 Results and limitations of the techno-economic
concept of deterministic models (preferences,
fashions, traditions)

This section describes the results of the model RESIDENT for the city of
Zurich for a reference scenario and a 2000Watt-Society target scenario. Ad-
ditionally, the warmer climate effects are also presented for the 29 European
countries. The discussion and results of the other models are discussed
in Aebischer and Catenazzi (2007) and in Boulouchos et al. (2006a) for the
models on the Swiss level; in Boulouchos et al. (2007b, 2008a,b) for the three
scenarios of Zurich navigator; and in Jochem et al. (2007) and in Jochem
et al. (2008) for a complete description of inputs and results of the European
version.

4.3.1 Reference case (business as usual)

The reference case, also named business as usual scenario, describes a sce-
nario with a trend in drivers and technical progress and policies, which have
been observed in the past, but without particular new policies. This does
not mean a frozen policy scenario; rather it is assumed that current policies
are continued and slightly enhanced.

At first glance, one could expect that energy demand of the residential
sector will incrementally increase with the increment of floor area, but the
demand decreases from about 10 000TJ in 2005 to 9 850TJ in 2035 (see in
Figure 4.6 and in more detail in Table 4.6). This is mainly due to retrofitting
and replacement of old buildings by new and better insulated buildings.

These increases in efficiency come about initially from an increase in oil
prices, due to the oil crisis in 1970s, which induced policies and demand
to promote better insulation of all building elements, including further im-
provement of window technologies. Thus, better technology, new materials
and enhanced how-know of architects and builders improved sensible insu-
lation (and reduced costs).

This energy reduction will continue until all existing building are retro-
fitted according to the standards then in place (or with additional energy
measures of a policy scenario as shown in next section).

There is no reason why future demand for good insulation of buildings
(current levels) will decrease: big prices decreases (i.e., below 40 $ per barrel)
do not seem realistic (See actual energy price outlooks i.e. BFE, 2007a).
Even the warmer climate over the long-term will not reduce the demand
for insulation as it also contributes to more comfortable temperatures in
warm summer periods. Further studies are needed to evaluate this change,
particularly in the case of substantial internal load of the building.

The fuel share evolution has a clear loser: heating oil. The major moti-
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Figure 4.6: Energy demand for heating of residential sector in the city of Zurich,
for Reference Scenario and 2000 Watt-Society scenario, in TJ.

Table 4.6: Energy demand by fuels for heating and hot water generation, in resi-
dential sector in Zurich, reference scenario, in TJ and in percent.

.

fuels 2005 2020 2035

TJ % TJ % TJ %

oil 4231 42% 2649 27% 1680 18%
natural gas 4269 42% 5157 52% 5618 59%
electricity 91 1% 70 1% 66 1%
heat pumps 63 1% 83 1% 88 1%
env. heat 174 2% 288 3% 369 4%
wood 141 1% 152 2% 149 2%
coal 0 0% 0 0% 0 0%
district heat 1115 11% 1406 14% 1531 16%
solar 36 0% 54 1% 76 1%

TOTAL 10121 100% 9859 100% 9576 100%

Source: Author’s calculations and assumptions
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vations are fuel prices and significant environmental concerns. Oil heating
systems are substituted with district heat or natural gas systems, according
to the local development of the two networks. Heat pumps gain in their
share especially in new one- to two-family houses or for extensive retrofitt-
ing, because of economic advantage. Wood remains constant, because of
transport and space requirements; part of the district heat will be generated
by new chip-fired wood boilers, but such assumptions are outside the scope
of the residential heat demand model.

Usually solar energy (in the context of heating demand) is used only for
auxiliary heating during sunny days in the winter months and for hot water
demand, but it is scarcely cost efficient (with the lower energy prices defined
in the Reference scenario). The 2000Watt-Society scenario (in next section)
will explore the full potential of solar energy.

4.3.2 Policy scenario and related costs and benefits

This scenario evaluates a possible medium-term path to a 2000Watt-Society
(Jochem et al., 2003a). The models do not simulate long-term demand
until 2060 or later, due to design and difficulties in predicting by bottom-
up modelling the evolution of technologies over many decades, nor do they
prescribe an optimal path to the 2000Watt-Society vision. In the models
described in this thesis, the scenario is defined as the maximum politically
and technologically feasible path until 2035, similar to the scenario IV of
the Swiss energy outlook (BFE, 2007a).

An analysis of the city-based definition of the 2000Watt-Society and the
reachability of the 2000 Watts target is beyond the scope of the models (and
this dissertation). In the Zurich city council, the definition of target year,
and whether to include traffic and grey energy of imported energies are still
under discussion.

The main policies of this scenario are the mandatory building stan-
dards such as Minergie and Minergie P (Passivhaus) standard (see e.g.,
Section 4.2.2) in new and retrofitted buildings, and a shift away from fossil
fuels, i.e., using the maximum solar potential, as well as heat pumps and
modern forms of wood.

The results show a substantial reduction of 32% relative to the Reference
scenario in 2035 and even a 35% reduction relative to the energy demand
of 2005. This indicates the large potential of a yearly decrease of 1.2% in
addition to the Reference scenario, which could be induced by policy.

4.3.3 Warmer climate scenario

This scenario is currently calculated only for the European countries. The
Swiss service sector is also studied in Aebischer et al. (2007). The calcula-
tions were based on a baseline scenario that assumes theoretically no climate
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Table 4.7: Energy demand by fuels for heating and hot water generation, in res-
idential sector in Zurich, 2000 Watt-Society scenario, in TJ, relative
difference in comparison with Reference scenario and in percent of to-
tal energy demand, 2005 to 2035.

.

fuels 2005 2020 2035

TJ % TJ diff % TJ diff %

oil 4231 42% 2172 -18% 22% 802 -52% 8%
natural gas 4269 42% 4878 -5% 49% 3886 -31% 41%
electricity 91 1% 68 -3% 1% 58 -12% 1%
heat pumps 63 1% 79 -4% 1% 72 -19% 1%
env. heat 174 2% 294 2% 3% 335 -9% 4%
wood 141 1% 150 -1% 2% 124 -17% 1%
coal 0 0% 0 0% 0 0%
district heat 1115 11% 1358 -3% 14% 1134 -26% 12%
solar 36 0% 60 12% 1% 89 17% 1%

TOTAL 10121 100% 9059 -8% 92% 6500 -32% 68%

Source: Author’s calculations and assumptions

change. Using the decreases in heating degree days (see Table 4.5), we calcu-
lated the energy demand for heating of the 4◦C scenario. This is 19% less in
2050 on the European average with highest reductions in the Mediterranean
area (but with low energy demand for heating) and some 14% reductions
in Scandinavian countries and Baltic states with high energy demand for
heating (see Table 4.8.

4.3.4 Sensitivity analysis

Within the various projects, different sensitivity analyses have been made.
First we changed several sensitive parameters to calculate elasticities (e.g.
for dependence of energy demand on population, household income, fuels
prices, etc.)

The second sensitivity analysis tries to explain the energy evolution by
the different sub-models and parameters of the model between 2000 and
2007. This is done for the ex-post analysis 2008 (Aebischer et al., 2008).
The concept behind this analysis is to do a sequence of model runs, changing
one parameter at time, and analyzing the changes. The first run keeps all
parameters constant: no retrofitting, no energy system replacement, and no
drivers changing from year 2000 — thus a constant energy demand, since
all parameters are fixed for the base year.

The order of the runs is important, and part of a parameter change has
different effects only in later runs, when other parameters are taken into
account. With respect to the normal sensitivity analysis, this method gives
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Table 4.8: Heat demand (without hot water) in PJ in the service sector, in refer-
ence scenario (+4◦C) and relative difference in comparison with base-
line scenario (constant climate) in 2005, 2020, 2035 and 2050.

country 2005 2020 2035 2050

HD diff HD diff HD diff HD diff

AT 70 -3% 78 -7% 78 -14% 67 -20%
BeLux 132 -2% 148 -6% 149 -11% 127 -16%
DK 46 -2% 56 -5% 61 -10% 55 -14%
FI 59 -2% 61 -6% 61 -10% 54 -14%
FR 416 -3% 447 -8% 442 -15% 369 -22%
DE 815 -3% 963 -8% 944 -14% 800 -20%
GR 14 -6% 16 -12% 17 -21% 15 -31%
IE 49 -1% 60 -4% 60 -11% 52 -17%
IT 343 -3% 365 -9% 347 -17% 287 -25%
NL 278 -2% 295 -6% 288 -11% 247 -16%
PT 62 -2% 105 -3% 156 -6% 156 -9%
ES 137 -4% 181 -11% 186 -20% 162 -29%
SE 72 -2% 88 -5% 93 -9% 81 -13%
UK 448 -2% 518 -6% 557 -12% 506 -18%
NO 18 -2% 19 -5% 19 -10% 16 -16%
CH 62 -3% 64 -8% 62 -14% 53 -20%
Baltic 44 -2% 58 -5% 62 -9% 57 -14%
HU 114 -2% 148 -4% 159 -8% 136 -13%
PL 171 -2% 247 -6% 264 -12% 223 -18%
CZ 92 -2% 117 -6% 117 -12% 110 -18%
SK 87 -1% 137 -3% 152 -5% 129 -8%
MED 3 -3% 4 -7% 4 -16% 3 -33%
SI 19 -2% 24 -6% 24 -11% 21 -16%
BG 8 -4% 9 -9% 9 -16% 8 -24%
RO 14 -4% 17 -9% 20 -16% 19 -23%

EU27+2 3570 -2% 4226 -7% 4333 -13% 3753 -19%

Source: Author’s calculations and assumptions (Jochem et al., 2008)
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Figure 4.7: Energy demand by fuels on reference (the line) and on 2000 Watt-
Society scenario (the bar), in 2005, 2020 and 2035 in the residential
sector in the city of Zurich.

more insight into the model structure and interdependencies of sub-models
and parameters. The results are shown in Table 4.9.

D2000 describes a run where all parameters are frozen to the year 2000,
thus giving a constant energy demand.

+EBF describes an increment of floor area, split in all sub-sectors as the
status quo in structure and frozen technologies. This effect is the only
positive driver that would increase energy demand by more than 4%.

+intersectoral describes the intersectoral changes in the floor area (mainly
in new buildings)

+intrasectoral describes intrasectoral changes, e.g., from low-tech to hi-
tech office buildings or hospitals. The increase of electricity demand
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will reduce the heating demand.

+retrofitting adds the retrofittings (but with unchanged improvement rel-
ative to the past).

+policies adds the policies and subventions effects to the unit energy de-
mand, so new buildings and retrofitting of the existing stock will im-
prove efficiency of the total stock.

+tech.improvement adds the technical improvement in new buildings
and in retrofittings.

+cost curves change the unit energy demand induced by the change of
energy prices.

+fuels subst changes in fuel use for heating and process heat to natural
gas, heat pumps, district heating, etc.

+price ind. fuels subst adds the additional price-induced fuel subtitu-
tions by changes in relative prices between energy fuels.

The sensitivity analysis result in a major contribution from policies dur-
ing the 7 years (≈ −4.5%), supported by regular retrofittings (≈ −2.3%)
and increasing energy prices between 2005 and 2007 (≈ −1.2%). The other
influences are below 0.5% with the seven-year period. In total energy de-
mand for heating decline by almost 5%, suggesting an overall decrease of
energy intensity of 0.7% per year.

4.3.5 Limitations of model, data, and concept

There are several limitations in the models and the data used. We start the
discussion with the data limitation, which in term limits the model concept.

4.3.5.1 Data Limitations

There are several limitations on the data:
The main driver, the floor area, is not very well known, nor are the

building cohorts. In the city of Zurich, with its building database, the data
are much better than usual at the national level. The main problem is the
sectoral disaggregation. Swiss statistics do not always include the use of a
building: is it a residential dwelling, used for vacation (thus in the service
sector) or is it used as an office? The inter-sectoral split is also problematic,
and some sources use sector, (from NOGA BFS, 1995), or building type
(i.e. Wüest & Partner, 2004), i.e., offices are not split into public services,
commercial, or banks.

The retrofitting is also not fully described. There is a lack of data on the
year of the last retrofitting and the systematic quality of retrofittings. There
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Table 4.9: Sensitivity analysis on SERVE model, for ex-post analysis 2008. Start-
ing from D2000 (constant demand as in year 2000) the main parame-
ters are changed incrementally, to obtain the energy demand with real
parameters.

2000 2001 2002 2003

D2000 0.00% 0.00% 0.00% 0.00%

+EBF 0.00% 0.50% 1.24% 1.91%
+intersectoral 0.00% −0.03% −0.07% −0.10%
+intrasectoral 0.00% −0.03% −0.06% −0.09%
+retrofitting 0.00% −0.35% −0.69% −1.01%
+policies 0.00% −0.66% −1.32% −1.97%
+tech.improvement 0.00% −0.02% −0.05% −0.10%
+cost curves 0.00% 0.00% 0.00% 0.00%
+fuels subst 0.00% −0.04% −0.09% −0.13%
+price ind. fuels subst 0.00% 0.00% 0.00% 0.00%

D2007 0.00% −0.64% −1.04% −1.51%

2004 2005 2006 2007

D2000 0.00% 0.00% 0.00% 0.00%

+EBF 2.49% 3.10% 3.71% 4.32%
+intersectoral −0.14% −0.18% −0.19% −0.20%
+intrasectoral −0.12% −0.14% −0.17% −0.19%
+retrofitting −1.32% −1.62% −1.96% −2.29%
+policies −2.61% −3.24% −3.85% −4.45%
+tech.improvement −0.15% −0.23% −0.33% −0.44%
+cost curves 0.00% −0.28% −0.71% −1.22%
+fuels subst −0.18% −0.21% −0.25% −0.28%
+price ind. fuels subst 0.00% −0.03% −0.06% −0.09%

D2007 −2.08% −2.90% −3.89% −4.95%

Source: Ex-post analyses (Aebischer et al., 2008)
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are some data from import and manufacturing (i.e., windows or insulation
materials), but they are difficult to split into residential (which have fewer
retrofittings) or commercial use. It is also difficult to know the use to which
insulation is put: a better insulation with more width, or more insulated
surface.

There is a lack of studies on unit energy consumption, but to overcome
these data limitations, building modelling can make up some of the data
deficits.

4.3.5.2 Limitations of model and limitations of concept

The SERVE and RESIDENT models have the usual bottom-up limitations,
which are partly overcome by linking to macro-models, as described in Chap-
ter 5: lack of endogenous changes in type of buildings or structure of the
service sector, lack of long-term projections due to limited knowledge about
technological change and progress.

Additionally, there are conceptual limitations of cohort models: lack of
optimisation and lack of an optimal path (towards a target). Even if a CO2-
emission target of the sector is given, missing technical and cost data will
not allow calculations of optimisations.

A general disadvantage of usual energy modelling is the lack of seasonal
modelling, which could be interesting for the conversion models. The output
structure (heating, hot water, cooling, and other appliances) could provide
good hints about seasonality of the various grid-based energies and renew-
able energies.

The retrofitting part is not yet full developed. Therefore, detailed sim-
ulation of retrofitting or of specific retrofitting policies could be difficult.

The electricity demand and heat demand are not independent, as increas-
ing internal loads from computers, servers and automation reduce heating
demand in winter and increase air-conditioning demand in summer. The
SERVE model reduces the heat demand on high tech building, due to the
generated heat by appliances. But the simplification of this relationship into
three classes is due to lack of data.

Additional insulation not only reduces heat demand but may increase the
heat dispersion on summer, thus raising discomfort (Catenazzi and Jakob,
2006). In these cases, additional ventilation or air-conditioning may solve
the problem, with additional electricity demand. The actual model does
not address these effects. Using the existing physical building models and
taking the result into the RESIDENT and SERVE models, the projections
could be improved.
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4.3.6 Policy conclusions

Implementing cost-effective energy policies on heat demand of buildings is
important because the long reinvestment cycle (which can be longer than
50 years) has long-term influences on emissions. There are presently many
measures (also quite cost-effective) which could be implemented. These
policies on heat demand tend to be also accepted by investors, particularly
in new buildings (building codes), because they are technical rules, without
affecting the businnes patterns, comfort, or the use of buildings.

For these reasons, one may suggest that building policies (i.e. building
codes, technical standards, professional training) should be pursued with
priority, in order to reduce CO2 emission in the long-term in the service and
residential sectors. These policies can also be formulated at a city or canton
level.

For example, in Switzerland the SIA (SIA, 2001) standard defines the
energy use for buildings in an accurate manner, taking into account internal
use, local climate, etc. Such methodologies and standards are already ap-
plied by the architects and engineers, and could be strengthened according
to technical progress and cost reductions, and also gradually applied to ex-
isting buildings. To explore the feasibility and the impacts on energy use and
CO2 emissions, we implemented strong building standards in the 2000Watt-
Society scenario (see 4.2.2, i.e. the MinergieP (Passivhaus) standards could
applied to all buildings, in Switzerland, in next 5 to 10 years.

Another important point on policy making is energy improvement in old
buildings and their retrofitting. Unfortunately, many retrofittings of façades
or roofs are still not energy-relevant, i.e. the energy improvement by many
retrofittings is minimal. New retrofitting standards and new studies for
retrofittings are thus necessary.

The cost curves show that the retrofittings have a large potential to
reduce the energy demand, at small cost, especially if the improvement is
done at same time as the non-energy-relevant retrofitting of façades, win-
dows, and roofs. Stronger measures are possible, with costs comparable to
the measures in new buildings.

Implementing retrofitting standards is not an easy task because of non-
energy regulations, which clearly reduce the range of available options An
example are the façades, and the window of old buildings (especially in
downtown). These architectural elements are protected: thus only a few
external energy measures or more costly investment (e.g. windows) could
be implemented. Some new technologies (e.g. vacuum insulation systems
or internal insulation) help to improve insulation on such buildings, but at
higher costs, lower effectiveness, and reducing further the internal floor area
of these buildings.

The Swiss policies on heating system are already quite good, and due to
the shorter reinvestment cycle, most of the heating systems have an efficiency
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between 90 and 100%.
We do not make recommendations on policies on fuels substitution, be-

cause these policies are highly correlated to local environments (availability
of district heating, availability of enough free area for efficient heat pumps,
available wood fuels, etc.). Thermo-solar heating system should be encour-
aged, because of its potential across the entire country, the maturity of
technology, the substantial cost reduction over the last decade.
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Chapter 5

Links between macro models
and the bottom-up
sub-models

Bottom-up models are typically limited with regard to their externally pro-
vided macroeconomic boundary conditions, and by themselves they cannot
incorporate the macroeconomic impact of ambitious energy and climate poli-
cies. To overcome these limitations, researchers have started building hybrid
model systems in which bottom-up models and macroeconomic models are
linked together and their runs iterated until consistency is reached at both
model levels (see Section 1.3). But there are also good reasons to overcome
the limitations of macroeconomic models: their aggregate structures come
up with substantial substitutions of energy carriers and major technological
changes in the power generation sector at rather high cost, which may be in
terms of emission certificates. Some of the results of macroeconomic models
fall outside the range of efficiency improvements and mitigation costs pro-
jected by bottom-up models that take into consideration small contributions
to efficiency and decentralised renewables for many technologies.

In this thesis, a hybrid model system is used twice: once for the Swiss
Navigator (Boulouchos et al., 2006b), and second for the M1 model system
in the ADAM project (Jochem et al., 2007). In the latter research project,
the hybrid model system was designed by seven research institutes, including
the author’s, to use unmodified bottom-up and two macroeconomic mod-
els for model transparency and in order to compare data and results to
other similar models. However, in order to link the models at both levels
of aggregation, two additional models had to be created: TRANSFORM
(from macroeconomic to bottom-up: see Section 5.1) and IMPULSE (from
bottom-up to macroeconomic models: see Section 5.2). Instead of including
hard links that pass the data automatically, the two linkages are imple-
mented with soft links, thus passing the data to the modeller concerned,

117
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who has the opportunity to check and adapt the data if necessary. The
main reason for choosing soft links was to facilitate plausibility checks by
the various researchers, which were needed to establish the trustworthiness
of model system implementation and the results of the various models at
both levels (see Section 5.3).

Additionally, the cost modules of the bottom-up models are explained in
Section 5.2.1. These modules evaluate the additional costs of energy policies
(investment, microeconomic annual cost, saved energy, etc.).

Three models are described in the following sections (see also Figure 5):

TRANSFORM (Transformation module, see Section 5.1): This mod-
ule transforms macroeconomic data (e.g. sectoral production, employ-
ment, etc.) into data useful for the bottom-up models (e.g. physical
production like tonnes of steels and cement, or office floor area). In
this manner the impact on energy demand of macroeconomic develop-
ments is explicitly and transparently included in the models, e.g. the
change in GDP, income per capita, or employment.

IMPULSE (see Section 5.2.3: The IMPULSE model aggregates the cost
and investment modules of each bottom-up model and disaggregates
the investments according their input structure (e.g. splitting the con-
struction investments in engineering, finance, construction, and basic
materials). In this manner the macroeconomic model may point to
changing production effects due to energy policies, e.g. effects on the
construction sector (better building), chemical industries (more insu-
lation), architecture and engineering, and finance or on the changes in
relative prices because of scarcities and capacity limits.

Cost modules (see Section 5.2.1): The cost modules are part of bottom-up
models and evaluate economic changes and impacts of policy scenar-
ios that deviate from a reference scenario (those without change from
status quo policy). The cost modules calculate the investments’ adap-
tation and mitigation and changed operating cost (including energy
cost) (e.g. investments in efficiency, substitution and changes of con-
version sector). Finally, the investments and the changed operating
and energy costs are exported to the IMPULSE model.

The first section of this chapter describes the transformation module for
the two sectors for which the author was responsible. This module trans-
forms the economic data (and some other external data, such as population
and increasing average temperature) into parameters usable by the bottom-
up models (see Section 5.1). The second section describes the cost modules
for the three bottom-up models developed by the author and their link to
the macroeconomic models (IMPULSE module). Additionally, some results
of the effects on the macroeconomic level are presented (see Section 5.2),
before conclusions are drawn from the imterim results (see Section 5.3).
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Figure 5.1: Overview of the model system in ADAM M1. The linkages between
the macroeconomic models (E3ME and ASTRA) with the bottom-
up models (RESIDENT, RESAPPLIANCES, SERVE, ISINDUSTRY
and ASTRA on the demand side; EuroMM, PowerAce and EFISCEN
on the supply side), using TRANSFORM and IMPULSE modules for
linking the bottom-up and top-down models.

5.1 Transformation module for residential and com-
mercial sectors

The transformation module converts the macroeconomic data and other ex-
ogenous scenario-dependent data into data useful for the bottom-up models.
In the residential sector population is transformed into number of dwellings,
a driver for the diffusion of appliances, and into floor area, a driver for
heating. In the service sector, the number of employees and sectoral value-
added figures are transformed into floor area. Additionally, the value added
is used for calculating further automation in services and the diffusion of air
conditioning and, hence, the development of unit energy demand.

5.1.1 Floor area of the residential sector in European coun-
tries

In the residential sector at the European country level, we begin with present
projected development of the population (including age groups) starting
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with persons per household, from which we calculate the number of dwell-
ings (overall and the number of new-built dwellings) are calculated starting
with persons per household. We then split the new dwellings into two cate-
gories (single family houses and multi-family houses) and build the cohorts.
Finally, we calculate the floor area using specific floor areas per dwelling
and type of building (by country, household type and cohorts: see sections
below).

5.1.1.1 Number of dwellings

The persons per dwelling (occupancy rate, ppdw) is described by a spline1

function, given by the equation:

ppdw(t) = at3 + bt2 + ct + d for each country (5.1)

where ppdw(t = 2004) (value) and ppdw′(t = 2004) (rate of change) are
derived from Odyssee (2007), ppdw(t = 2100) is set to 1.8, and ppdw′(t =
2100) is set to zero. We set the same level (1.8) for each European country
— a value which is applicable today in highly populated cities in OECD
countries — because a century is a very long period over which it is diffi-
cult to find patterns and to discern this socially influenced variable among
European countries. Thus, knowing the ppdw(t) and the population (as a
scenario-defined boundary condition), we obtain the number of dwellings.

The number of new dwellings is given by an exponential curve derived
by statistical analysis from figures from the past:

newdw′ = 0.0082248 · exp(111.688245 · pop′) (5.2)

where newdw′ and pop′ are the growth rates of new dwellings and of the pop-
ulation, respectively. The coefficients have been determined using historical
data, with the mean of an interval of nine years, to remove short-time effects
(see Figure 5.2). This curve is always positive, even in cases of decreasing
population, because new buildings are constructed, due to demolitions and
higher per capita income, which means increased living space and smaller
households.

Given the various drivers, the curve is not very robust: it is not clear
to what extent the deviations are due to new methods of data collection:
weak data for the central European countries; the enormous demand for
new dwellings; or general trends like increasing income per capita, aging
population, urbanisation, and the trend toward to single-person households.

The fast but tremendous structural change brought about by alteration
of the economic structure of eastern European states introduced complica-
tions in the data. In short, statistics in those states needed to be gath-
ered differently. Likewise, the cause of problematic data may be a missing

1Splines are a series of polynomial curves that share end points and one (or more)
derivatives
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Figure 5.2: Relative change of new dwellings as a function of population growth
in European countries, 1995–2004.

variable in the simple models, such as GDP, population age distribution,
urbanisation, etc.

The new dwelling area was then split into single and multi-family houses,
according to an extrapolation of historical trends in each country. Using the
total number of dwellings of the building stock and the number of new
dwellings, we proportionally adapted the number of dwellings in the cohorts
of the building stock by including projected demolitions.

The cohorts were built using historical data (the same sources of floor
area, Odyssee 2007, including MURE 2008 for the European cohort struc-
ture).

5.1.1.2 Floor area in the residential sector

The floor area is given by the number of dwellings multiplied by the specific
floor area per dwelling.

The model assumes that old buildings do not change their floor area per
dwelling, which in reality is not always the case in e.g. a full renovation of
residential buildings. However, it is assumed that the floor area per person
increases in old buildings, due to the reduced number of occupants per
dwelling.

The floor area of new buildings increases due to increased disposable
income and to increased expectations for comfort until it reach a projected



122 CHAPTER 5. LINKS

saturation level in 2100 of 180 m2 per new single family house, and of 120 m2

per dwelling in new multi-family buildings. The substantial increase of GDP
(until 2100) may call into question these saturation level figures. However,
the trend toward single-occupancy households, societal changes in attitudes
towards sustainability and self-sufficiency, and the growing demand for per-
sonal space and comfort reflect complex relationships that have to be quan-
titatively estimated as drivers in the modelling. Sensitivity analyses may
help to identify uncertainties within a plausible range of deviation.

Table 5.1: Floor area in square meter per dwelling and per person, in EU15, and
new member states (NMS), in the city of Zurich and in Switzerland.

.

floor area per person floor area per dwelling

2005 2020 2035 2050 2005 2020 2035 2050

EU15 37 41 46 52 91 93 98 104
NMS 23 28 32 37 66 70 74 78

Zurich (city) 54 57 60 – 104 111 115 –
Switzerland 59 69 76 – 132 144 154 –

Source: Jochem et al. (2007), Aebischer and Catenazzi (2007) and Boulouchos et al.

(2006a).

The floor area per person increases faster — but from a lower level of
23m2/cap compared to 37m2/cap of EU-15 — in the new member states
reaching the EU-15’s 2005 level in 2050. The figures for Switzerland increase
at the same rate until 2035, although they start from a higher base year level
(59m2/cap) than the EU-15 (see Table 5.1). The difference between the
city of Zurich and the Switzerland is explained by differences in the housing
stock, the level of rents for dwellings, and the share of single family houses.
In Switzerland there are many more single-family houses, with larger floor
areas, as compared to Zurich less than 10%; see also Figure 4.3 on page 99
for relative evolution of the floor area.

5.1.2 Floor area in the service sector

The SERVE model differentiates the total floor area (and the energy de-
mand) of the service sector into six service sub-sectors:

• Commerce/trade (distribution and warehousing, retail),

• Finance (banks and insurance companies),

• Hotels, restaurants (including catering),

• Education (schools, universities, research institutions),
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• Health (hospitals, social services), and

• Others (other commercial offices, public buildings, sport and leisure
etc.).

Additionally, SERVE models also simulate the primary sector, which in-
cludes agriculture, forestry and fisheries2, by using a slightly simplified ap-
proach.

In the service sector, the floor area is derived from the number of em-
ployees and from estimates for the future development of the sector-specific
floor area per employee.

The number of employees is calculated for each scenario and country by
two macroeconomic models: E3ME (Barker, 1999) for the years until 2030,
with detailed sector division for the service sector; and the ASTRA model
(Schade et al., 2001; Schade, 2005) with a slightly more aggregate sectoral
structure, which also includes a much more detailed trade and transport
sector. SERVE model uses the absolute value from E3ME, until 2030 and
the relative yearly differences from ASTRA, until 2050 (see Jochem et al.,
2007).

The number of employees is growing in almost all sectors and in all coun-
tries up to 2030. According to the model E3ME, there are quite noticeable
differences between the EU-15+23 and the new member states (NMS)4 and
between the various sub-sectors. For instance, the number of employees of
the sectors commerce/trade and finance is growing in the MNS, but de-
creasing in the EU-15+2, whereas almost the opposite is true for the health
sector: it is increasing in the EU-15+2 and generally decreasing in the NMS.
After 2030, the figures are based on the results of ASTRA, which indicate a
reduction in the number of employees in all sectors for both country groups
(EU-15+2, NMS), mostly between 10% and 15% due to productivity in-
creases in rather linear econometric growth patterns. This pattern is mainly
due to a shrinking European population as well as an aging population.

It is assumed that in the long-run (up to 2100), the floor area per em-
ployee tends to reach similar levels in all countries (see bottom-line of the
Table 5.2 and 5.3). This long-run level is sector-specific and determined by
cost-cutting trends (less labour per GDP). In some sub-sectors such as bank-
ing and administration, this may translate into less floor area per employee.
In other sectors, such as wholesale, retail, hotels, etc., this translates into a
higher floor area per employee (the number of employees is reduced due to
labour productivity gains and structural changes, for instance from small re-

2only the heating and electric appliances part
3EU15: Germany, France, Belgium-Luxemburg, Netherlands, Denmark, Italy, UK,

Ireland, Spain, Portugal, Greece, Austria, Sweden, Finland; +2: Switzerland and Norway.
4New member states: Poland, Czech Republic, Slovakia, Slovenia, Malta-Cyprus, the

Baltic states (Estonia, Latvia, Lithuania), Rumania, Bulgaria.
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tail shops to large commercial centres, or because of services are out-sourced,
e.g. washing, window cleaning, building management in hotels).

Between the years 2005 and 2014, an average of the trend of the past
ten years and the long-term trend is assumed, where the long-term trend
is obtained by assuming a saturation level for each subsector. Depending
on the value for 2004, a substantial or a moderate increase is expected for
many countries and for all sectors at the level of EU-27+2 (see Table 5.2
and Table 5.3). No net decrease was assumed, due mainly to uncertainties
about the absolute level in 2004 (and to the statistical methodologies and
definitions). Thus, countries might not be directly comparable, for instance
due to different sector definitions between floor area and employees and
related country statistics (e.g. hotels in Germany or the Netherlands; see
also Figure 4.3 on page 99 for relative evolution of floor area).

For EU15+2, the results of these assumptions show a substantial relative
increase in the banking and insurance subsector and in “other services”.
The relative increase is rather moderate in hotels and restaurants (due to
increases in labour productivity) and in schools and universities (due to
constant class size; see Table 5.2 and Table 5.3).

For the new member states, the trends are similar for finance, the edu-
cation and health subsectors. In the commercial and hotel subsector they
follow West-European trends.

5.1.3 Other links from macroeconomic, climate, and forest
models.

In Section 3.1.2, specific cooling demand and diffusion of air conditioning
depends on income in PPP (Purchasing Power Parity), which depends on
GDP, population, and exchange rates; these data were also provided by the
two macroeconomic models of the hybrid model system (see Figure 5).

Additionally, the transformation module converts some other non-eco-
nomic scenario data such as population and changing temperatures. The
transformation usually requires converting different data sources (with dif-
ferent time intervals) to a common base, and using model-specific aggrega-
tion and disaggregation of countries or geographic regions.

• The projections of the population were taken from the POLES model
Criqui et al. (2001), which describes the UN population projections.
Some additional national data disaggregation had to be made to split
Switzerland from Norway and Slovenia from Malta/Cyprus.

• For HDD (heating degree days) and CDD (cooling degree days), the
transformation is a simple interpolation of 5-yearly data from IMAGE
(Bouwman et al., 2006) to yearly data and an aggregation of some
regions according to country levels used in this hybrid model system.
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Table 5.2: Floor area per employee in m2 in 2004 and in 2050, for the commer-
cial sector, bank/insurances and restaurant/hotels, Reference Scenario,
European countries (first part).

Commerce Finance Hotels

2004 2050 2004 2050 2004 2050

Austria 55 67 33 39 65 66
Baltic States 44 63 27 36 58 71
BELUX. 55 67 34 38 65 66
Bulgaria 43 63 26 36 56 70
Czech Republ. 40 62 25 35 53 69
Denmark 32 54 48 46 67 70
Finland 36 55 29 36 95 88
France 57 67 19 30 63 70
Germany 88 99 29 38 135 135
Greece 49 64 23 33 58 63
Hungary 40 60 25 34 52 67
Ireland 68 73 18 33 49 63
Italy 55 67 32 38 65 66
Malta/Cyprus 43 63 26 36 56 70
Netherlands 47 63 26 36 95 76
Norway 32 54 50 47 58 67
Poland 44 64 28 37 58 73
Portugal 49 64 21 34 58 63
Rumania 43 63 26 36 56 70
Slovakia 44 65 28 37 58 73
Slovenia 43 62 27 36 56 70
Spain 49 64 29 39 58 63
Sweden 35 58 27 40 69 80
Switzerland 37 56 27 34 41 57
UK 70 75 17 38 44 58

EU 15+2 62 74 25 37 74 77
EU NMS 43 63 27 36 56 70
EU 27+2 59 71 25 37 72 77

Long-term (2100) 80 45 80

Source: Author’s calculations and assumptions
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Table 5.3: Floor area per employee in m2 in 2004 and in 2050, for educational sec-
tor, health, and other services, Reference Scenario, European countries
(second part).

Education Health Others

2004 2050 2004 2050 2004 2050

Austria 83 91 25 36 63 70
Baltic States 74 88 29 40 55 63
BELUX. 83 91 25 35 57 63
Bulgaria 71 87 27 40 53 63
Czech Republ. 67 86 26 39 50 62
Denmark 98 99 8 27 95 84
Finland 100 98 55 53 58 64
France 86 93 70 70 37 52
Germany 78 92 22 37 57 67
Greece 75 86 22 35 36 52
Hungary 67 83 26 38 49 59
Ireland 54 74 34 42 64 67
Italy 83 91 30 41 49 59
Malta/Cyprus 71 87 27 40 53 63
Netherlands 95 97 39 44 45 55
Norway 86 92 24 35 100 86
Poland 74 90 29 41 55 65
Portugal 75 86 14 30 21 43
Rumania 71 87 27 40 53 63
Slovakia 74 90 29 41 55 65
Slovenia 72 87 28 40 53 62
Spain 75 86 23 36 34 54
Sweden 90 95 32 43 54 56
Switzerland 77 86 37 43 63 67
UK 49 71 15 31 33 48

EU 15+2 75 87 30 39 46 57
EU NMS 72 88 28 40 53 63
EU 27+2 75 87 30 39 47 58

Long-term (2100) 100 50 70

Source: Author’s calculations and assumptions
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5.2 Investment and operating cost modules — IM-
PULSE

The second link between bottom-up models and macroeconomic models is
the IMPULSE module that summarises all changes in investments and op-
erational costs from all energy sectors, i.e. from the cost modules of each
bottom-up model. Each bottom-up model has its own cost module for cal-
culating the changes in technologies stemming from changes in adaptation
or in energy or climate policies (see Chapter 5.2.1). These cost modules
calculate the additional investment and changing operating cost that are
policy-induced or due to assumed technological innovations or changes in
the climate (adaptation to climate change).

As all the cost modules only address changes relative to a reference socio-
economic development (no additional action), the additional cost concept re-
quires two reference developments to calculate this difference in investments
and operating costs:

• One reference development assumes no climate change and no addi-
tional energy and climate policies in order to identify the adaptation
cost incurred in a scenario that assumes high climate change, often
called “Adaptation Scenario”; and

• Another reference development that serves as a baseline for a scenario
with intensive mitigation efforts, often called “Mitigation Scenario”.

These changes in monetary variables can be positive (e.g. insulation or air
conditioning investments) or negative (e.g. diminished energy demand); they
are all collected from the individual bottom-up models by the IMPULSE
model and structured so as to be fed into macroeconomic models. This
structuring involves the inter-industrial deliveries according to the economic
branches simulated by the macroeconomic models. They calculate the re-
lated changes of macroeconomic variables such as the impact on GDP and
employment (see Chapter 5.2.3).

The two linkages between the macroeconomic models and the bottom-up
models, the TRANFORM and the IMPULSE module, converge to create a
“hybrid model” system. As the two types of models describe the same
energy-using economy in parallel, their results may differ. Thus, for reasons
of consistency, the models have to run sequentially and iterate until the
deviation of results is negligible, for example in the production of energy-
intensive products or in total final energy demand.

5.2.1 The cost modules of the bottom-up models

SERVE, RESIDENT, and RESAPPLIANCES model the changes in energy
demand induced by certain energy policies or by climate change. These
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induced investments or changes in energy demand or related programme
costs often cannot be simulated by macroeconomic models because of an
overabundance of technological or physical details and a lack of econometric
information. Therefore, information on investments and changed operating
costs of the economic subsector and its technologies has to be calculated by
the bottom-up models in a detailed and transparent manner.

The different methods required for this kind of calculation are described
in Chapter 2.2.6 in general and in Chapter 4.1.6.1 for heating in partic-
ular. For RESAPPLIANCE and the efficiency investments in electricity
use in the service sectors, i.e., in SERVE, the applicable investment cost
method has been used (see Chapter 2.2.6 and Chapter 5.2.2). This is be-
cause prices of electrical appliances generally do not reflect the production
cost but rather the price strategies of the trading companies and private
households’ willingness-to-pay. For the service sector, the options for re-
ducing electricity demand are dependent on hundreds of technologies and
organisational measures that could never be adequately described by the
discrete investment method.

For fuel demand for heating and warm water in RESIDENT and SERVE,
however, the discrete investment method has been chosen because this made
it possible to classify the heating and warm water generation, building insu-
lation, and related investments reducing heat demand and heat conversion
(see Chapter 4.1.6.1). With regard to the substitution of fuels, similar dis-
crete investments can be identified, given the cohorts of heat-generating
technologies and their re-investment cycles.

Regarding changes in energy demand due to efficiency gains, fuel substi-
tution or adaptation, each energy carrier has its sectoral energy price that
leads to changing energy cost, mostly reductions due to improved efficien-
cies at the useful energy level or at the conversion level from final energy to
useful energy.

5.2.2 The costs module in SERVE04 — Method of applica-
ble investment

As an example of cost modules, we describe the cost module of SERVE04
used in the Swiss Energy Outlook (Aebischer and Catenazzi, 2007; Cate-
nazzi et al., 2008). The SERVE04 model uses the applicable investment
costs method to estimate the costs of energy-saving measures amploying a
macroeconomic and microeconomic point of view (see below).

At the beginning of the project, we tested another costing method in-
volving cost curves (see Section 4.1.6.1), but the approach turned out to be
too difficult to achieve consistent results: some investments costs should be
modelled with discrete costs (e.g. fuels substitutions), and the cost curves
should be applied for each building type (e.g. normal insulation, Minergie,
etc.). However, as the SERVE model simulates an average building (for a
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given cohort) and then the costs (see Chapter 4), the costs are underesti-
mated. For these reasons and others (see Section 2.2.6.1 and appendix 8
of Aebischer and Catenazzi 2007), we decided to use the applicable costs
method. For every scenario we calculated four types of investment and
related capital costs:

• microeconomic view, without considering non-investment measures
(i.e. organisational measures);

• macroeconomic view, without considering non-investment measures;

• microeconomic view, also considering the non-investment measures
(such as labelling, professional training, information campaigns);

• macroeconomic view, also considering non-investment measures.

Exogenous assumptions The model has three exogenous assumptions:

• the interest rate (Z), which is 6.0% for the microeconomic view and
2.0% for the macroeconomic view;

• refunding time, for instance for building components, is 12.5 years to
calculate the investment (variable RefTime) for an acceptable payback
time;

• and the lifetime L of the investment, for instance 25 years for the other
calculations.

The investment costs Before applying the applicable investment cost
method, the saved energy is calculated, considering only the impact due to
the relevant investment, e.g. the last year’s saving. If the saving also includes
other technical improvements and other non-investment-oriented measures
(e.g. building optimisation), these have to be removed. Thus, the additional
investment costs in year t are:

∆InvCosts(t) = RefTime(t) · (−∆E∗ · P (t)) (5.3)

where ∆E∗ is the saved final energy, considering only the investment and
no other technical improvements,

Capital costs (∆K): The capital costs at year t, considering only the
investment in the actual year, are calculated with:

∆K(t) = ∆InvCosts(t) ∗ Z ∗ (1 + Z)L/
(

(1 + Z)L − 1
)

, (5.4)

where Z is the interest rate and depending on whether one takes the macro-
economic perspective (2.0%) or the microeconomic perspective (6.0%), L is
the lifetime (25 years).
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Nets costs (∆C): The net costs are calculated from the capital costs
removing the saved energy costs, as given by the formula:

∆C(t) = ∆K(t) − Pe(t)∆E(t) (5.5)

where Pe is the mean energy price and ∆E is the saved energy (final energy
level). Depending on the type of calculated cost, ∆E could include the non-
investment measures, in order to calculate the global effect of a scenario.

Cumulative net costs (C): The cumulative nets costs are the sum, over
the previous 25 years, of the nets costs, i.e. the net cost of the policies in
last 25 years:

C(t) =

t
∑

t′=t−25

(

∆K(t′) − Pe(t)∆E(t′)
)

(5.6)

Note in this above formula the use of actual energy prices Pe(t) (thus in
time t and not t′): the last part of the formula is the total saved energy
(this year t), due to the improvements of the past last 25 years.

Additional costs (P , PV ): The sum of all cumulated net costs describes
the cost of a policy, until the current year:

P (t) =
∑

t′

C(t′) (5.7)

Additionally, if we apply a discount factor, we have the discounted P :

PV (t′) =

t
∑

t=t0

(1/(1 + Z))t−tR · C(t) (5.8)

5.2.2.1 Results of SERVE cost module

The results of scenario IV of Swiss Energy Outlook (Aebischer and Cate-
nazzi, 2007) for the heat demand are taken as an example (see Table 5.4).
This scenario assumes very ambitious energy policies, with an annual re-
duction of energy demand on the order of 1.2%. The annual additional
investment is between 200 and 440 Million CHF (with the maximum near
2020, when all measures are fully applied), which means investment is nearly
440 CHF/GJ.

Considering the saved energy, the yearly and cumulated net costs are
negative; thus these policies are profitable under these assumptions from
macro- and microeconomic perspectives. If the invest rate is raised to 9%,
the investment is no longer profitable.

However the applicable investment cost method has some limitations: the
investment cost is calculated by a linear relationship relative to the saved
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energy. This means that the increasing marginal cost of high-efficiency in-
vestments cannot be adequately handled (see i.e. Jakob et al., 2002, 2006)).
On the other hand, the calculations do not include cost degression by learn-
ing and economy-of-scale effects. Thus, the two limitations cancel each other
out to a certain degree. Additionally, the co-benefits of these investment cal-
culations, which can be substantial (see Jakob, 2006), cannot be included in
these results.

Table 5.4: Costs analysis of scenario IV of the Swiss Energy Outlook, only
for the heat part, from the microeconomic and macroeconomic
perspectives.

microeconomic macroeconomic
view view

variable1 units 2020 2035 2020 2035

E (IV) TJ 64068 48430
E (only tf) TJ 70429 68780
∆I kCHk 398’216 144’071

∆K kCHk 31’151 11’270 20’397 7’379
∆C kCHk -6’698 -5’739 -17’452 -9’630
C kCHk -53’743 -173’589 -128’081 -370’198
P kCHk -236’816 -2’054’258 -236’816 -2’054’258
PV kCHk -206’390 -1’422’026

1 see definition of variables on pages 129–130

Source: Author’s calculations, Aebischer and Catenazzi (2007)

5.2.3 The IMPULSE module and selected macroeconomic
results

The (usually) reduced energy demand decreases the value added of the re-
lated energy industries, which are modelled with regard to energy impacts
in the bottom-up conversion model. The reduced value added can only be
consistently simulated by macroeconomic models using the results of the
IMPULSE module, where all energy demand changes are collected and con-
verted into changes of investments and cost changes.

The energy efficiency or substitution policies, on the other hand, in-
crease the demand for investment goods (and hence the value added) of
many sectors such as the construction sector, chemical industry, machinery,
electrical and electronic industries, vehicle industry, engineering, consulting,
finance, insurance and public administration. These investments (and the
value added) will influence the number of employees, the production level of
energy-intensive industries, and finally, the GDP.
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The description of the mechanism of these changes at the macroeco-
nomic level is outside the scope of this thesis. Such changes are generally
modelled by macroeconomic models (see Figure 5) or at least by economic
input-output tables. The Swiss Navigator, co-developed with partners in the
course of this doctoral work, uses the Swiss Input-Output-Table (see Nathani
et al. (2006). For the ADAM model system, the two macroeconomic models
E3ME (Barker, 1999) and ASTRA (Schade et al., 2001) incorporate changes
in investments at a sectoral level as well as the changing energy-related oper-
ating costs that are mostly energy costs. Subsidies and taxes or programme
costs are also simulated.

For the city of Zurich, the changed investments and operating costs could
not be fed into a macroeconomic model because no model exists for such a
small economic entity. Most of the additional investments would be made
outside of the city limits, i.e. they would be handled as imports.

Given the enormous amount of data handling and programming involved
in a hybrid model system, the development of such a system is beyond the
scope of a dissertation. But the author succeeded in accomplishing the
following:

• The cost link of the SERVE model and the cost results of an industrial
model have been aggregated by the IMPULSE module for Switzerland
using the Policy Scenario by the Swiss Navigator. The aggregated data
are fed into the Swiss Input-Output-Table (see Section 5.2.3.1).

• The calculation of costs in the Reference Scenario (4◦C Scenario) in
the ADAM project is complete at the bottom-up level in RESIDENT,
SERVE, and RESAPPLIANCE, but these could not be aggregated
because of missing results from other bottom-up models by the time
this dissertation went to print.

5.2.3.1 Selected macroeconomic results for Switzerland

In the Swiss Navigator, the additional investment costs for a policy scenario
have been calculated for the industrial and the commercial sectors in relation
to a Reference Scenario (see Table 5.5). The investments in industry for more
efficient solutions remain rather constant at a level of about 45 million CHF
per year, while in the service sector, the investments more than double from
377 million CHF in 2010 to 800 million CHF in 2035.

The macroeconomic effects of these investments involving the two sec-
tors of the Policy Scenario are quite differentiated and reflect the general
impact of substituting energy consumption with capital investments (see
Figure 5.3):

At first glance, the impact results in quite small macroeconomic changes.
The main negative effects are obviously in the energy supply sectors, with
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Source: Boulouchos et al. (2006a)

Figure 5.3: Changes in gross value added, due to changes in the Policy Scenario
relative to a Reference Scenario for the service and industry sectors,
Switzerland, 2010 to 2035.
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Table 5.5: Additional investments in the Swiss service and industrial sectors, Pol-
icy Scenario, 2010 to 2035, million CHF (2005).

2010 2015 2020 2025 2030 2035

Industry 47 48 47 46 45 45
Services 329 331 391 479 592 757

Total 377 379 437 525 637 802

Source: Boulouchos et al. (2006a)

reduced value added of 0.20% in 2010 to 0.55% in 2035 in petroleum indus-
tries and 0.3% to 0.80% in electricity and gas industries, respectively. It
should be noted that two large consumers of oil products, the residential
and transport sector, are not included in these macroeconomic results.

Positive macroeconomic effects due to the additionally assumed energy
policies are — as expected — to be found in many investment goods in-
dustries, the construction sector, some services (public sector, consulting,
planning, and finance), and in other manufacturing industries (according to
the NOGA5). The heat protection measures of the service sector dominate
the growth in the construction sector starting with additional value added of
some 0.4% in 2010 and reaching 1.2% in 2035; the wood manufacturing for
producing window frames and additional wood pellets increases from 0.15
to 0.5% and the other non-metallic production (mainly window glass) from
0.15 to 0.65% respectively. The investment goods industries realise growth
of between 0.10 to 0.55%, some of them slightly reducing their growth over
the period.

The total changes in gross production value and gross value added fluc-
tuate at 0.06% and 0.05% between 2005 and 2015 due to building owners’
and investors’ slow response to slowly-developing regulation changes and the
time necessary to plan the refurbishing of buildings (see Figure 5.4). The
economic effects at the macro level are still small in 2035, on the order of a
relative change of 0.1%. However, the net effects are positive for all years
over the total period. Thus, relatively recent energy policies in two sectors
of the economy have a net positive economic effect. It should be noted
that other positive effects (also private financial ones) are not included in
the model analysis. Such co-benefits including those of roof insulation and
investments in better control techniques for industrial process may reduce
noise in roof dwellings or improve product quality and reduce waste produc-
tion.

If one were to analyse extreme energy and climate policies designed
to substantially reduce greenhouse gas emissions, without respecting re-

5NOGA is the classification of economic sectors, as found in BFS (1995) and a summary
in English in BFS (2002).
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Figure 5.4: Relative changes in gross production value and gross value added, due
to policy changes in the Swiss service and industrial sector, 2005 to
2035

investment cycles or considering profits, in general the results would be dif-
ferent and even negative for some of the investing sectors because of induced
stranded investments or loss of international competitiveness, assuming the
competitors in other countries do not need to hew to similar guidelines. This
implies that ambitious energy policies need international agreements and co-
operation, which would also support economic gains, thanks to the effects
of co-operative learning and economies of scale of the new technologies. It
would also improve the effectiveness of research and the implementation of
new policies.

In addition, no existing macroeconomic model includes indirect social
benefits of such policies, i.e. the reduced health costs associated with a
decrease in air pollution and the increased productivity made possible by
avoiding adaptation costs of climate change.

In the ongoing ADAM project, some of these limitations, particularly
of the avoided adaptation cost, will be overcome or at least minimised:
the macroeconomic models take into account the world economy and the
GDP differences between nations and regions, and the adaptation costs of
the energy system are also estimated and included in the analysis (Jochem
et al., 2009).
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5.3 Conclusions

The concept of building a hybrid model system in order to combine the ad-
vantages of bottom-up models and macroeconomic models was successfully
implemented in two cases. The author’s bottom-up models RESIDENT,
RESSAPPLAINCES and SERVE contributed to this success by building
the links in the transformation and IMPULSE module.

The transformation module offers the opportunity to design technology-
based scenarios using bottom-up models consistent with the results of the
macroeconomic boundary conditions. Because the IMPULSE module can
trace the additional investments and changing operating costs back to the
macroeconomic model, a consistent set of results from projections of future
development becomes feasible thanks to the use of detailed technological
information provided by the bottom-up models. All this is possible without
losing the impact of a stringent energy or climate policy at the macro level.

Presently, most of the limitations of the transformation module are data-
related: availability (in particular long time-series for Eastern European
countries and specific data of sub-sectors within the service and the residen-
tial sector). The non-uniformity of existing surveys and statistics accross
countries makes the creation of a consistent data set for the European coun-
tries difficult, as definitions are often not uniform, either geographicaly or
with regard to time-series. With more and better data, additional and more
reliable econometric analyses could be carried out to improve the models
(including the transform module) and the consistency of the results.

Despite this limitation, the comparison with POLES data and results is
reassuring: the number of dwellings, the floor area, and several other specific
indicators are quite similar.

The IMPULSE model suffers from limited knowledge of the input struc-
ture of the investments for efficiency and substitution investments. There-
fore, the number of estimated input structures of the investments calculated
in bottom-up models remains a challenge. A comparison with results from
other hybrid models of macroeconomic analyses could not yet be made due
to the fact that although there is much work in progress in this research
area, results are still pending.

Currently, the links between the models are soft links, i.e. the user man-
ually copies data from other models after checking for consistency and cor-
rectness. Alternatively, the use of hard links, in which the models are linked
automatically, has also been studied. In this case a control module checks the
results of both models, and, in case of differences (e.g. in defined production),
the inputs are automatically adapted and the current year is recalculated in
an interactive manner.

Further attempts to use a hard link were abandoned because of the lack
of correlating data or the dearth of information on investment and changing
operating costs for all bottom-up models. It was also clear that the effect
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in moderate policy scenarios is rather mild (relative to a given reference
development), so that iteration is not necessary. Furthermore, the use of
parallel models both at the bottom-up level and at the macroeconomic level
does not allow for hard links unless great effort is put into the modules,
the necessary relationships, and the adaptation of the data set, in order
to have consistent energy demand in this diversity of models (and model
structures). On the other hand, the soft links provide modellers with a
great deal of information about the accuracy and weak points both in the
data and in the model structure. The author benefited from insights gained
through the use of soft links while contributing to the creation of two hybrid
model systems of energy analysis over the last two years.
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Chapter 6

Conclusions and critical
reflection

The methodological improvements of this dissertation cover several issues
(see Chapter 2.2). Some of them have only been treated in a conceptual
manner (i.e. transaction costs, reduction in investment due to learning and
economy of scale effects) and could not be implemented in any of the three
bottom-up models (SERVE, RESIDENT, and RESAPPLIANCES) for lack
of empirical data. However, major advances were achieved in quantitative
modelling for the following areas:

• the economic evaluation of energy efficiency investments and organisa-
tional measures in all final energy sectors, even in cases where discrete
investment costs cannot be identified in principle;

• the extensive use of the cohort concept in order to simulate the re-
investment cycles of disposable consumer products or very long-lived
buildings. This enables the analyst to bound energy efficiency improve-
ments within the realistic limits. Policy makers wishing to promote
ambitious policies must be cognizant of of re-investment cycles when
they wish to explore major potentials;

• the quantification of the impacts of climate change on heating and
cooling demand in European countries; and finally,

• the development of a link between macroeconomic and bottom-up
models in both directions in order to combine the strengths of the two
types of energy analysis models by developing hybrid model systems.

This chapter separately presents conclusions in methodology (see Sec-
tion 6.1) and in policy (see Section 6.2). Of course, there are many points
of critical reflection that still remain given the multitude of issues treated
in this dissertation.

139
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During the modelling and testing phases, several comparisons with other
models and external data were performed, resulting in changes in one of the
three models developed here as well as in changes in external models of
co-operating research partners. These reciprocal changes sometimes also
stimulated revision of statistical data (see Chapter 6.3).

The three bottom-up models developed over the last few years by the
author were applied to several geographical entities including the City of
Zurich, Switzerland, and 25 European regions covering 29 countries. In the
course of this application, the model structure had to be adapted to available
data sets and the various scenario and policy options that were chosen to
be evaluated. Some of these scenarios were exploratory in nature, e.g.,
reference scenarios or a warmer climate scenario (at 4◦C increase in average
surface temperature by the end of this century). Other scenarios were target-
oriented such as the 2000Watt-Society Scenario for the City of Zurich. Not
all results of the scenarios calculated by the three models could be reported
here in this dissertation. The focus of this report is on feasibility aspects
of the model improvements and on the usefulness for policy analysis. The
complete documentation of the studies and model runs conducted using the
three models are cited in the bibliography. Some of these will be published
in the course of 2009 and in 2010.

6.1 Methodological conclusions: Achievements and

limitations of the models

The portfolio of the methodological improvements was extensive (see Chap-
ter 2.2). This made it challenging to finalise the thesis within the designated
time, but also an opportunity for advancing the methodological progress of
bottom-up models and of hybrid model systems in the energy field. The
conclusions presented here cover six issues: the cohort-based concept (Sec-
tion 6.1.1), cost evaluation (Section 6.1.2), the integration of climate change
into the models with long-term perspectives (Section 6.1.3), bridge-building
between bottom-up and macroeconomic models (Section 6.1.4), and briefly
co-benefits and transaction costs (Section 6.1.5).

6.1.1 The cohort-based bottom-up models

Heating systems in buildings have a rather long lifetime of between 15 and
35 years. Over the last 10 to 15 years, the efficiency of boilers and heat
pumps has been substantially improved (e.g. condensating boilers) by control
techniques and better piping insulation. Thus, using a mean efficiency for
the heating of the building stock without also using a cohort-based model
may lead to two difficulties: (1) uncertainties about the impact on final
energy demand of past or future investments in heating systems and in heat
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protection of the buildings’ envelope and, hence, (2) uncertainties on how
to properly evaluate energy policies in this technical area.

In energy analysis research, less attention has been paid in the last few
years to cohort models in favour of more econometric-oriented models, which
have become more accurate over the past decade. The cohort-based models
are mature from a scientific point of view, and the fruits of further research
on this issue can be expected to be small. The reduced attention to the
cohort models in final energy demand — in contrast to the electricity gen-
eration sector — can also be understood by certain limitations and special
requirements:

• The huge quantity of required data for each cohort, which is a burden
whenever a cohort model is to be implemented and its data kept up-
to-date. This requirement prevents many analysts from choosing this
type of model even though it is an essential policy requirement;

• Non-uniform data definitions and data sets across regions and coun-
tries make it difficult to compare assumptions and results for different
countries (e.g. the different definitions of heated floor area or of insu-
lated and retrofitted buildings cause differences in unit heating energy
demand).

Although cohort-models are limited by this inconsistency in data re-
quirements, climate change policy has a special interest in better long-term
energy demand projections and related emissions in order to identify the
limits of emission reductions imposed by the re-investment cycles of long-
lasting capital goods such as buildings, power stations, cement kilns, and
airplanes. The feasibility of ambitious targets such as a 60 to 80% reduction
of greenhouse gas emissions by industrialised countries by the middle of this
century cannot be checked by econometric-based models that reflect present
behaviour and decisions. Rather, they must be checked by cohort models
simulating the physical and technical development of the long-lasting capital
stock and related re-investment cycles

The new (cohort-based) model versions of the three models, SERVE,
RESIDENT, and RESAPPLIANCE, offer a precise answer to the changes
in final energy demand due to changes in retrofitting and new heating sys-
tems in new buildings as well as in the existing building stock. The SERVE
and RESIDENT models can be geared to the next several decades to analyse
specific strategies of building codes and fuel substitution policies for heat-
ing systems and their impact on greenhouse gas emissions over long time
horizons, as well as their impact on investment and capital demand.

Data restrictions on cohort-based models become obvious in analyses at
the city or country level where long-term statistics are lacking, as is the case
in many Central European countries. For Switzerland, much existing data,
prior experiences and further data collected by additional studies reduced



142 CHAPTER 6. CONCLUSIONS AND CRITICAL REFLECTION

the cohort limits, thus generating reliable results. Many results can be
transferred to other European countries with a similar building or appliance
stock and similar climates and policies in past past.

6.1.1.1 Geographical limitations of cohort-based models

The two models of heat demand of buildings assume a unique and uniform
region (i.e., the city of Zurich, Switzerland, or single European countries).
Because the input data are usually statistical averages of the whole region
covered, this assumption seems to be reasonable. Through a detailed study
of the city of Zurich using the ewz-Energy navigator, we noticed that there
were noticeable differences between urban and non-urban areas that could
not be described by country averages (e.g. different shares in single- and
multi-family dwellings, different specific floor area per dwelling, different
economic structures regarding the service sector and sub-sectors and income
per household).

In addition, the difference between urban and non-urban areas may also
be due to the heat island effect, i.e. the ambient air temperature in cities may
be higher by a few degrees Celsius than in non-urban areas due to the energy
losses of buildings and the transportation system as well as to the different
albedo (absorption of solar radiation by roofs and streets) and to different
humidity (e.g. Waide, 2004). On the other hand, urban cooling demand
may be higher than countryside cooling demand (both in specific electricity
demand per floor area and in the cooled volumes). Finally, the floor area
per building in cities is larger, so there is more potential for efficient heat
protection investments and for less costly high-efficient heating systems or
for centralised overnight cooling and air conditioning, which is usually more
efficient due to greater opportunities for better and less costly optimisation.

These regional or local differences have to be taken into account if en-
ergy analysis is applied to geographic units smaller than countries (data are
mostly available as averages for countries).

6.1.1.2 Electrical appliances

The high degree of differentiation of the RESAPPLIANCE model (cohort-
based with yearly stock contributions, power demand, different modes of
operation, the yearly operating time, market diffusion, and finally cost in-
formation) offers new opportunities for identifying promising potentials and
quantifying the impacts on electricity demand of discussed policy measures
in this area of technical standards in particular.

In order to implement the model, many assumptions had to be made
that could be slightly changed for a rigorous sensitivity analysis. This could
be done using certain strategies, such as assuming the minimum or the max-
imum electricity demand of a given electrical appliance and its perspectives
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in order to get some indication of the uncertainty generated by so many vari-
ables and assumptions over a time horizon of 20 years. But it would also
give an indication of the influence of lifecycle, which cannot be substantially
changed by policy measures or marketing campaigns because most people
keep their appliances until the end of their usual product lifetime.

The sensitivity analyses could also be used to identify certain modifica-
tions of policies such as focusing efficiency regulations to specific types of
appliances or requiring that the regulations be implemented by the trade
and importing firms by specific dates.

6.1.2 Adding costs due to efficiency and substitution invest-
ments

The fact that any change in the efficiency of energy use and of energy sub-
stitution can now be calculated in cost terms in the two final energy sectors
is a major step forward. Thus far, this comprehensive costing of efficiency
and substitution investments has failed because these discrete investments
could not be identified as such. With the method of applicable cost, this
deficiency of bottom-up models has been overcome as first plausible and
transparent estimate.

A typical example of the progress made is with electrical appliances.
Prices of electrical appliances and electronic consumer goods do not reflect
the various levels of efficiency of a particular appliance (this is also the
case with the purchase prices of cars). There are often many attributes
of an electrical appliance that determine its price, including the buyer’s
willingness-to-pay or sales strategies of traders and distributors. Therefore,
the second-best method, the applicable investment method, gives a first re-
alistic indication of the cost of efficiency measures if discrete costs cannot
be identified (see Section 2.2.6.2). This is of particular importance in all
investments at the useful energy level, where benefits of new technologies
may have several aspects (e.g. increase in product quality, of labour or cap-
ital productivity) and where the contribution of increased energy efficiency
can only be identified (or estimated) by the applicable investment method.
Although this method has its specific methodological limitations, it offers
for the first time the opportunity to introduce an economic evaluation at
the useful energy level in bottom-up models. This is of particular impor-
tance for optimisation models that usually assume final energy demand as
a given with the results of high marginal greenhouse gas emission reduction
cost. The new method will lead to more realistic results of policy action and
resulting costs.

In the case of efficiency investments in buildings — whether in the enve-
lope or the heating system — the cost data information of discrete invest-
ments and related cost curves very much benefited from recent studies and
surveys at CEPE. In particular, it was important to specify typical sets of
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retrofitting of different types and construction years of buildings and their
related additional costs relative to the reconstruction of a façade. The lack
of such concise information on costs and related benefits of reduced energy
costs was often a large deficit of bottom-up models in the past.

6.1.3 Climate change modelling

The two climate sub-models on heating and cooling demand, developed and
implemented in this thesis, adequately apply the results and the state-of-
the-art in climate modelling and provide further detail on present bottom-up
modelling of buildings in the residential and service sector. The energy de-
mand is not linearly correlated with heating and cooling degree days as
one might assume at first glance. Thus, using mean values of temperature
changes for a country or a region is not sufficiently precise, especially in
countries with large climatic differences and an unusual distribution of the
population (i.e., Italy). Because of these aspects, the developed sub-models
are still evolving: discussions and subsequent simulations with physical mod-
els of changing climate suggest further improvements in the sub-models. In
the ongoing ADAM project, new data are still being collected and analysed
that will provide further information about radiation and the influence of
internal heat and cooling losses in buildings.

Two of our studies (Aebischer et al., 2007; Jakob et al., 2008) are al-
ready widely cited in the relevant literature. In addition, the participation of
CEPE researchers in the ADAM project, with its collaboration and network-
ing among other European researchers of several disciplines, is a promising
basis for further improvements of this sub-model and a heightened under-
standing of the issues of adaptation and mitigation of climate change (see
Jochem et al., 2009; Schade et al., 2009).

6.1.4 Microeconomic/macroeconomic links

Both the transformation and the IMPULSE module developed in this thesis
offer the opportunity to link the bottom-up model with a macroeconomic
model. This means that technology-based scenarios can be simulated that
are consistent with the underlying macroeconomic boundary conditions of
related macroeconomic models. Although there are still many simplistic
solutions used in the transformation module to generate the figures for the
drivers of the bottom-up models, the feasibility of this hybrid model system
concept has been proven, and the implementation achieved is now ready for
further improvements.

At present, most of the limitations of the transformation module stem
from lack of long-term data series needed for econometric analyses to cal-
culate the suitable drivers of the bottom-up models. Sometimes these data
are even not available for the base year because of its level of differentiation
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and a dearch of surveys of this detail. Despite these limitations, first com-
parisons of the results achieved by the transformation module with results
of other energy models like the POLES model show a satisfying convergence
of the results. Where convergence is not observed, the analysis concluded
that simplifications of the existing models could be identified (e.g. sectoral
change in the building stock)

The IMPULSE module is much simpler in adding the investments and
the changed operating cost for all investments and sectors. Here, more
empirical work has to be done to identify the input structures of the various
investments.

6.1.5 Co-benefits and transaction costs

Although bottom-up models — and the models of this thesis — allow one to
explicitly integrate co-benefits and transaction costs in the economic eval-
uation, these two issues have only been treated at a conceptual level (see
Section 2.2.5). A general difficulty of quantifying co-benefits (which only oc-
cur at the useful energy level) and transaction costs is that there is scarcely
an investment decision in which they are not explicitly quantified.

The identification of co-benefits of heat protection investments in build-
ings and a first quantification and monetarisation has been made. However,
this empirical basis is still small enough that the author decided not to use
the data in order to avoid giving the impression that sufficient empirical
data were currencly available.

Transaction costs are mostly included in the overhead production costs
of a company. This calls for their separate empirical measurement, which
is also important for policy making in order to understand their role in
the bundle of several obstacles that may be relevant as existing obstacle
(Ostertag, 2003). One important issue is the dependency of transaction
costs on learning effects: a new technology has high transaction costs, but
with increasing market diffusion and decision routines they can decline quite
substantially.

Due to a lack of empirical data, the calculations in this thesis were made
without integrating this important decision factor and policy aspect in he
models. Only some first demonstration runs were made in order to show the
importance of this effect, particularly for individual investment decisions
such as the refurbishment of buildings. Ehere there were small cross-cutting
efficiency investments, the share of transaction costs in the total cost may
be a major obstacle that policy has to overcome or at least to diminish (e.g.
highly efficient electrical motors or motor systems).
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6.2 Policy-related conclusions

6.2.1 General conclusions

The dissertation delivers some significant advances in energy systems analy-
sis that are important for more focused and realistic policy making in energy
and climate change policy:

1. There is now a method to get (upper) estimates on the net cost of
energy efficiency measures in the residential and service sector.

2. The dynamics of the re-investment cycles of buildings and their com-
ponents delivers clear information on the limited potentials within the
re-investment cycle and — equally important — the lost opportuni-
ties for many decades if upgrading building codes and other technical
standards is postponed.

3. The development of the hybrid model system allows one to quantify
the impact of a portfolio of (small) sectoral and technology-specific
policies at the energy sector level but also to gauge their macroeco-
nomic impact on economic growth, structural change, imports and
employment.

4. Although the quantification of transaction costs and of co-benefits of
efficiency investments in buildings has not been implemented, the find-
ings of their importance can be policy-relevant by stressing these issues
in the interpretation of results from the existing models and in policy
design for efficiency in the two final energy sectors.

In the following sections some policy-relevant conclusions for the two
sectors and technological fields are drawn.

6.2.2 Electrical appliances

The present labelling scheme of the European Commission is obviously not
sufficiently strict or flexible to scale up early enough the best efficiency
standard in class A (as is achieved by the “top runner” scheme introduced
by the Japanese government a few years ago). This policy declares the
efficiency of the most efficient appliance of a given year as the minimum
efficiency standard for all new appliances of this type to be reached within
a few years.

The RESAPPLIANCES model simulates an average appliance per type
and per construction year, but not the choices among the products on the
market according to their efficiency classes. Thus, if one wants to simulate
the effects of the “top runner” regulation, one can still simulate the impact
on electricity demand of this policy by exogenously introducing the specific
electricity demand of the future best practice product for each year.
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Reducing operating times in the stand-by mode can reduce electricity de-
mand by 30% to 60% in many cases (particularly in information and com-
munication appliances as well as coffee machines and even brown goods).
Given the current discussions in many countries on how (often increasing)
electricity demand can be met and whether nuclear energy should be used
or minimised, this area of efficient electricity use is of major interest for
policy making. The results also suggest that these measures barely require
any additional investments. In addition, lighting can be targeted in pri-
vate households with automatic sensors as used in offices, particularly in
staircases, basements, and kitchens.

For the electric appliances (RESAPPLIANCE) model, the results for
the dynamics are dependent on the type of appliance: fast re-investment
cycles of information and communication goods force a change of appliances
in a few (3 to 10) years: hence, the driver in this case is the speed of
efficiency improvement which may be slow in the near future and faster in
the subsequent periods.

Policies focused on efficient use of electricity of appliances have to take
into account the necessity to produce highly efficient goods on a large scale.
They also must consider that imported appliances have to meet given stan-
dards, which must be monitored and enforced. Finally, the cohort-based
RESAPPLIANCE model also sketches the limits of policy making in this
area: if the European countries or OECD countries were to implement a
strict efficiency policy for electric appliances, the reduction of total elec-
tricity demand per capita could not be more than some 1.5% per year for
two reasons: the lifecycle of long-lasting appliances and the expected trend
towards larger electric appliances and higher market diffusion of them in pri-
vate households, often induced by the private households’ increasing avail-
able income and by changing lifestyles (less fresh food and more frozen and
industrially prepared food and meals).

6.2.3 Heat demand and generation

Implementing effective and early energy policies on buildings’ heat demand
and doing so early enough is important because the long re-investment cy-
cle of buildings and their energy components implies long-term impacts on
emissions (either large opportunity or lost opportunity for decades). The
cost curves show that new buildings as well as retrofittings have a large
potential for reducing the energy demand in a cost-effective manner, partic-
ularly if improvements are implemented at same time as other non-energy
relevant retrofittings.

Stricter building codes for new buildings as well as for retrofitting may be
accepted by many private households and service companies if the economic
results are not presented in terms of pay back periods (a risk indicator),
but in terms of internal rate-of-return or relative to present heating cost. In
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addition, research results on the co-benefits of better insulation is expected
to be very valuable, and the argument of diminished adaptation cost and
social cost via reduced air pollution could also bolster the acceptance of
strict building codes.

Both models also hint at to the limits of stringent building codes and
other policies in the residential and service sector when looking at the results
of the 2000Watt-Society Scenario are examined (see Chapter 4.2.2). There
the MinergieP (Passivhaus) standards were assumed to be implemented in
all new buildings over next five to ten years in the majority of the retrofitted
buildings. The maximum additional reduction of energy demand for such
an ambitious policy has been identified as 2% per year (see Chapter 4.3.1
and 4.3.2).

The author hesitates to draw a general conclusion on the issue of fuel
substitution because these policies are often determined by local circum-
stances such as availability of district heating generated by co-generation,
adequate floor area for using efficient heat pumps, and favourable conditions
for thermo-solar heating (or as pre-heating) or for modern forms of wood
energy (e.g. chips and pellets).

Policies on insulation and air conditioning of buildings may be influenced
by expected changes in the climate. In buildings with high internal heat
loads, the improvement of insulation and windows may have a negative side
effect of increasing room temperatures in the summer due to the lack of
over night cooling options. For this reason, there is a risk that buildings will
be equipped with air conditioning if future building standards for certain
types of service buildings do not consider these comprehensive relationships.
However, this type of standardisation demands more differentiated physical
modelling of internal heat loads, the building envelope, and technical options
to maintain a comfortable atmosphere in those buildings.

One of the present questions on the timing of policies is reflected in
differences of opinion between the U.S. Federal Government and the Euro-
pean Commission: “Is it better to wait for improved technologies and lower
cost, or should we act now?”. The results of SERVE and RESIDENT show
that buildings have a big inertia due to long re-investment cycles. Thus for
building policies it seems advisable to act as soon as possible and with strict
efficiency policy standards if policy wants to reduce the energy-related green-
house gas emissions substantially over the next five to six decades. Costs
and efficiencies are not improved by simply waiting but by learning effects,
as demonstrated in the case of passive houses. Waiting for new technologies
of insulation or heat generation seems not to be promising in this technical
field.
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6.2.4 Costs modules

The cost modules of the three models and their results provide modellers
and policy makers with an economic indication of which policies to prioritise
in order to reduce the total costs of energy use of a sector in a given country.
For example, retrofitting existing buildings is presently very cost-effective;
however, many potentials and occasions for reducing heat losses are not
exploited by the building owners or investors because of obstacles, market
imperfections, and many other reasons. Thus, policies to reduce those ob-
stacles are vitally necessary if energy and climate policy is to substantially
reduce greenhouse gas emissions within the next decades.

Potential cost reductions by learning and economies of scale could be-
come a valid aspect of justifying stringent policies. This cost issue has been
underestimated — if not neglected — in the past and should be given much
more attention by policy makers and the construction sector. In addition,
more knowledge on of the co-benefits of heat protection and over-night cool-
ing may be an important information that is lacking at present and, hence,
absent in the decision making of many building owners today. Again, public
awareness, relevant information, and improved professional training should
be in the focus of policies and the relevant trade associations.

6.3 Critical reflexions on the models and their re-

sults

The limitations of the three developed cohort-based model have been already
described in connection with their need for additional reliable data and
differences in definitions of the same variable in different data banks or
countries (see Section 6.1.1).

Process-oriented models have the advantage of making the assumed
quantitative figures of technical and cost details of the model variables trans-
parent. This may lead a non-expert to conclude that the data and results
regarding projected future developments are highly precise. Modelling and
projecting the diffusion of electrical appliances or fuels in the residential
or service sectors still remains an attempt to adequately describe complex
socio-economic systems by some simple relationships. Of course, there are
many economectric results on market diffusion of consumer products (and
fewer on fuels for heating in the residential or even service sector); how-
ever, it remains an open question to what extent the used relationships will
persist over the next two to four decades. The extent to which many in-
fluential boundary conditions (e.g. average size of private households) and
investors’ value systems the may change is unclear today and may not be
captured by sensitivity analyses. Hence, the diffusion patterns of energy-
using technologies assumed in the three models of this dissertation are quite
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uncertain.
The electricity demand of the service sectors, simulated by the SERVE

model, is quite aggregate compared to the detailed structure of electric ap-
pliances of the residential sector. Cross-cutting technologies such as venti-
lation, compressors for compressed air, and cooling are not distinguished as
well as electrical appliances which often have the same pattern of use as in
the residential sector. This means that the applied unit electricity demand
of the simulated service sectors is relatively highly aggregated and not very
transparent regarding changes in technologies and their efficiency options.

The drivers of energy demand (e.g. floor area, size of refrigerators, or
frequency of use) has not been changed in the 2000Watt-Society Scenario
compared to the Reference Scenario. This is highly unlikely in the case of
the residential sector, as one can expect that decisions on the use of resources
and energy reflect a higher degree of awareness of sustainability issues than
in the world of the Reference Scenario. The influence of higher awareness of
sustainability goals was not considered because the importance of this socio-
economic change is not known in quantitative terms and the technological
options of efficiency and energy substitution are less clear.

Although the climate change sub-models are well accepted in the research
community, the models are in their infancy. There is still uncertainty of
the relation between the increase of temperatures and income per capita
as drivers on the one hand and the investments in cooling systems and
cooling demand on the other hand. This relates to uncertainties regarding
mitigation policy targets and adaptation to climate change.

Additionally, the models are based on a technological perspective. Stud-
ies about societal adaptation to warmer climate are missing. It is unclear
whether people in southern Europe will get used to a warmer climate and less
sensitive to higher temperatures. The extend of lifestyles change involved
in this adaptation remains an open question.

Extreme events have not yet been considered in the modelling approach,
as the possible changes of extreme events are still unknown. Extreme events
could change technologies, in particular roofs, windows materials, and in-
sulation. It could expand diffusion of UPS (uninterruptible power supply)
and very small co-generation plants, which would decrease and reduce the
efficiency of thermal power plants or the availability of electricity. More fre-
quent heavy storms could also change the wood market and probably wood
prices. This means that adaptation costs calculated by existing models may
be underestimated by an unknown order of magnitude, depending on the
intensity of climate change.

In conclusion, although the contribution of this thesis to the method-
ological progress of energy modelling is visible in the techno-economic per-
spective of the two end-use sectors, one has to keep in mind that even the
differentiation achieved and the progress made are still limited by lack of
knowledge of socio-economic relationships and changes in the global and
regional climate.
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