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Abstract

This paper addresses the challenge of identifyitegjaate theoretical starting points for probleneriéd
simulation studies of socio-technical transitioowards near fossil free energy services e.g. fosimg
and transportation. The identification of adequstseting points for simulation studies is becoming
increasingly important for the generalization ehslation results as well as for theory refinem#&vie
found that the Multi-Level Perspective (MLP) offerdelpful language for a modelling experiment dase
in a feedback perspective. This allows the con@@iziation of a socio-technical transition challenge
departing from an inter-subjective and hence sifieistarting point. In addition feedback modelling
appears to be a promising mathematical analysiaph that helps to substantiate the MLP. We have
seen that the insights of the simulation experincentoborate basic assumptions of the MLP concgrnin
multi-level alignment processes but also discrirtérthe decisive determinants and governance
mechanisms that explain radical innovation and egibently the creation of path dependency.

1. I ntroduction

This paper addresses the challenge of identifyttegjaate theoretical starting points for
problem oriented simulation studies of socio-techhiransitions towards near fossil free
energy services e.g. for housing and transportaBooblem oriented analysis refers to
practical challenges such as accelerating thesddffudynamics of energy efficient
housing, substitution dynamics of clean drive-dtaichnologies, or niche-market
development of electric transportation concep@nrearly innovation stage, where the
valley of death still needs to be overcome. Thatifieation of adequate starting points
for simulation studies is becoming increasingly artpnt for the generalization of
simulation results as well as for theory refinemgilti-Beer and Wokaun 2011:900).
The multi-level perspective (MLP) on socio-techihicansitions (Geels 2002; Geels,
Hekkert et al. 2008) offers a helpful heuristicttpaints to typical alignment processes at
the micro, meso and macro level of a socio-techmiaasition. It also defines what basic
sub-systems and elements should be consideredamli@technical system including
actors and organisations with their decision rflestitutions) of both the production side
and application domain. In the last decade reseaberning MLP has made strong
progress in consistently conceptualizing a framévesr narrative explanations grounded
in case studies and interdisciplinary theories. @&gls 2004; Geels 2010). The authors
have developed analytical concepts that have bgseth to empirically analyze historical
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and ongoing transitions and to develop a typoldgyamsition pathways (e.g. Geels
2002; Belz 2004, Geels 2005; Geels 2006; Geels;20@6ten and Raven 2006; Geels
and Schot 2007; Raven 2007). Most recent studiesdstrate how the MLP can be
enriched by complementary theories in order toyamakpecific adjustment dynamics of
transitions (Markard and Truffer 2008; Nill and Ker2009; Elzen, Geels et al. 2011).

In parallel to these narrative approaches on sigbnical systems, formal models have
been used for analyzing longitudinal patterns afevon (Safarzynska and Van den
Bergh 2010). However, the application of bi-direntil coupled models is still in its
infancy (Ruth, Kalnay et al. 2011). A promisingldi¢or further advancement along this
direction is the research field of System Dynamidsich has already proven some very
inspiring applications (Meadows, Meadows et al.ZLMeadows, Randers et al. 2004;
Timmermans, Haan et al. 2008; Turner 2008; YiicOB20System Dynamics embraces a
feedback perspective (FBP) based on the epistemalagsumption that system
behaviour arises endogenously from feedback lontstres (i.e. causal circularities).
The field has been inspired by control theory aodlinear dynamics (Forrester 1968;
Richardson 1991). The SD research stream contsliateoth the enhancement of a
meta-theory of complex dynamical (social) systentsthe development of context
specific middle range theories in application damaln order to support structural
understanding it has developed a codified visuadinasyntax. An important research
challenge of this approach is “the blank pieceaygy” challenge as illustrated by
Coyle’s statement:

“The system dynamics practitioner is always facéth & blank piece of paper at the
outset of a study, unlike the linear programmer Whows in advance that the model
must consist of a set of linear constraints ofaertypes and a linear objective function”
(Coyle 1996). This challenge refers to the choiicéhe adequate starting point for the
problem at hand. This is critical if simulation esises are used for the scientific task of
theory building in an application context.

System dynamics simulation frameworks have increggibeen used for conducting
comparative policy and scenario analysis addreshmgnpact of radical innovation
pathways (Janssen, Lienin et al. 2006; Weil 200&p® Winebrake et al. 2009; Ulli-
Beer, Bosshardt et al. 2009; Harich 2010; Park, &iral. 2011; Yicel and Daalen 2011).
However, the starting point(s) for such modellixgreises often have been determined
either by the managerial problem situation or lgngisciplinary composed concepts but
rarely by generalized transition frameworks cuigeander discussion. Yucel (2008) has
nicely discussed the power of System Dynamics stiar for understanding the
complexity of transition dynamics. However the vehdded of applying an organizing
reference theory for such a simulation exercisenoayet been elaborated. In particular
the contribution of the MLP for simulation exer@sand vice versa has rarely been
discussed in the emerging field of environmentabwation and societal transitions.

This article seeks to address this gap and explaresthe MLP helps to enhance the
scientific contribution of a simulation exercisatlims at analyzing a specific transition
challenge. Its contribution is threefold.
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-First it shows how the MLP helps to position alpeon oriented modelling exercise into
a scientific reference framework.

-Second, it shows how the MLP helps to advancdinidéngs of a simulation exercise.
-Third, it discusses the merit of simulation basadsition analysis for enhancing the
understanding of transition processes as well @®fg term policy analysis. Most
importantly, it discusses how a single simulati@peximent can be pushed further in
order to enhance theorizing on dynamics of tramsigirocesses.

In order to address these aims we have chosen stép@pproach. First, we compare
key characteristics of the MLP and the FBP in otdarnderstand the differences and
commonalities of both approaches. Secondly we tepoa typical simulation
experiment that explains the diffusion dynamicgmérgy efficient buildings in
Switzerland. This illustration provides the basisélaborating the value added of the
MLP as the reference frame for the simulation expent. Lessons from the modelling
exercises are discussed by addressing the folloguegtions:

- How does the MLP help to conceptualize a simoitagixperiment of a specific
transition challenge?

- How does the MLP help to organize and reclagbigyinsights about system structure
and dynamics of socio-technical transitions?

- What is the value added of a simulation basedtlyaiseof socio-technical transitions?

Chapter 2 begins with the systematic comparisdvoti perspectives. The illustrative
simulation experiment and its main findings arecdégd in chapter 3. The value added
of an integrated approach that combines scierh®orizing, data analysis with
simulation is carved out in chapter 4. The lasptiiadiscusses the main observations
and concludes with recommendations for furtheraegeinto integrative simulation
approaches on sustainability transitions.

2. Research grounds of the Feedback and the Multi-Level

Per spectives
In this chapter the research grounds of the feddpearspective on dynamical complexity
applying numerical simulation and the multi-levetgpectives will be discussed. The
differences and complementarities of both resepecipectives will be analyzed in order
to assess if and what additional insights fromraegration of both perspectives and
approaches can be expected.
Specifically for the research task of theory-builyla clear understanding of the research
focus and content concerning the level and unénaflysis, as well as the theoretical
grounds and propositions are decisive in ordessess how far both perspectives are
suitable for integration. In the following, eachrggective will be described along these
organizing elements. For this overview basic pabions from experienced authors in
each field have been consulted (i.e. Forrester;1R&Bardson 1991; Sterman 2000;
Lane 2001a; Ulli-Beer 2006; Ulli-Beer, Bruppacheak 2006; Geels and Schot 2007;
Geels, Hekkert and Jacobsson 2008; Schot and &@@ss Schwaninger and Grosser
2008; Timmermans, Haan and Squazzoni 2008; Ge&l3; 2an den Bergh, Truffer et
al. 2011).
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2.1 What are the specifics of the Feedback Perspective on socio-
technical transition modelling?

The field of System Dynamics explains dynamical ptaxity by causal circularities that
reflect a closed loop understanding of the worliderEfore | refer to this understanding
as the feedback perspective (Forrester 1968). Throuertwined loops of “perceived
action pressurg - response - state adjustment - perceived actessprg. ) -..."
sequences, each person is continually reactingete¢ho of that person’s past actions as
well as to the past actions of others and furtlistesn state adjustments (e.g. capacity
levels, infrastructure states, standards). Basddisr-BP, the System Dynamics field
has developed a meta-theory and methodology ofriggin for the analysis and
simulation of dynamical complex (social) systemshia last fifty years. Its application in
the context of socio-technical transformation ta¥edigreener” economies with less
energy consumption and lower g@missions is regarded as an applied scholarship of
numerical modelling. The modelling principles aeséd on differential equation models
in the form of

dx
r=—=f(xu
p (x,u)

wherer is a vector of rates associated witfa vector of states. The rates are some
nonlinear function$() of the state-vector andu, a vector of exogenous inputs that
includes the parameterization of table functions.

Level of analysis. According this scholarship the research focus sdiantific simulation
experiment lies on middle range theory buildingdgnamic phenomena of a class of
systems. The levels of analysis are endogenoubdekgrocesses and their behavioral
implications within a socio-technical system.

Unit of analysis: The goal of research is to explain the dynamibainmmena in terms of
underlying determinants and coupled feedback Itlogisdrive co-evolution of important
(state) variables of a socio-technical system. Adwndary is delineated empirically with
regard to both the phenomena of interests (i.ection and rate of innovation and
diffusion) and hypothesised endogenous circulasalties of its diachronic process (i.e.
system change over time). The analysis focuseslen of interactions between elements
and (sub)-system structures with its specific pag®f behaviour. Elements are agents
and institutions, physical and technological adtfas well as system resources, with
their specific decision or interactions rules, exgjvely.

The scientific simulation experiment aims at gagnmulti-dimensional insights and
understanding not only with respect to insightsudtstructure and dynamics of the rate
and direction of innovation but also with respecspecific behaviour patterns such as
path dependence, overshoot behaviour, or policyptiance and resistance.
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Theory frame: The theory of nonlinear dynamics is used as thearederence frame.
Patterns of change are explained by nonlinearsshétween the dominance of specific
loops. In addition interdisciplinary concepts freociology, psychology, (evolutionary)
economics, and management guide the scientificeginalization of a (dynamic)
hypothesis concerning the transition pathway.

Theoretical propositions. Two theoretical research questions are guidingrtbeelling
and simulation task: “What is the basic feedbaokcstire responsible for the observed
system behaviour?” and “What feedback structurest byt have not yet played a
significant role?”

Key propositions are formulated on the basis ot#jgecharacteristics of causal
circularities. Those who are most relevant for sfaon modelling refer to growth and
limits to growth; to equilibrium and stability; fwath dependency and system change.
Positive loops are responsible for growth or dgmagesses. Negative loops become
dominant if various limits to growth are approachedwerful negative feedback
processes are keeping the state of the systenymeastant even in the face of
environmental disturbances. Stability arises thiohighly effective goal-seeking
behaviour. Path dependency is a pattern of behainouhich small, random events
early in the history of a system determine themate end state. It is the result of
dominant positive feedback processes and arisggstems with locally unstable
equilibria.

As a system evolves, latent feedbacks may becomédat, and may dramatically
change the behaviour pattern. In nonlinear systémdeedback loops and parameters
governing the dynamics vary, depending on the sifatiee system. Such adaption
processes may result in shifts in loop dominangaagxing simulated (and observed)
transition paths.

This overview about the FBP on socio-technicalgitaan modelling evidences two
promising characteristics of the feedback perspeckirst, based on circular causalities
it offers a mechanism based explanation that alkbdormulation and testing of ‘what-
if questions. Specifically it allows testing thelevance of postulated elements and sub-
structures, their properties and rules of intecadithat is to test their ability to make a
relevant difference within the transition pathway.

Secondly, the 50 years old scholarship also prevédsethodology about best
approaches towards modelling of dynamical compyedihis is an important basis for a
rigorous modelling and simulation approach on seeahnical transitions.

However, the limit of this numerical simulation apach is also connected with its strong
methodological reflection. It misses an applicatioiented scholarship, specifically in
the domain of socio-technical transition. Thereftinere are strong deficiencies in the
development of a common language community thatdvallow for discussing and
enhancing the relevance of simulation based insight
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2.2 What are the main conceptual contributions of the multi-level
perspective?

The MLP is promising as a general frame of refeeeioc forming a language community
within the field of sustainability transitions.gtovides a heuristic for inquiry that helps
formulating hypothesis for testing. In this sectlomill evidence how the MLP makes an
important contribution not only for the emergingl@i of sustainability transitions but
also for guiding simulation based theory refinemepecifically for simulation
experiments informed by feedback thinking.

Level of analysis. The MLP is considered a process theory that pat&sithat social
reality is not a steady state but a sequence ofitdhdhl and collective actions unfolding
over time in a context. It serves as a heuristicmceptualizing a middle range theory
about transitions within a socio-technical systéat is delineated by its fulfilment of a
societal function (e.g. transport, communicatiayding ...).

Unit of analysis: The goal of research is to explain the dynamibainmmenon of radical
innovation and diffusion as co-evolutionary proesssetween and within the five
different regimes i.e. science, technology, econgmolitics, and culture. The alignment
processes may be triggered either by niche dynaonilzsndscape changes. Elements of a
socio-technical system are actors, rules/institigticystem resources and artifacts, as
well as multi-level alignment processes. The MURsaat gaining multi-dimensional
insights and understanding, for example concertypg and role of agency, the structure
and dynamics of the rate and direction of innovatiad diffusion, and types of
transformation pathways. This perspective should ttegive more attention to the
governance criteria of “social-political feasibjlitcomplementing the “efficiency

criteria” of an economic perspective.

“It takes the inter-organisational community ofidi@s the unit of analysis, and
focuses on the social infrastructure necessargveldp, commercialise and use
innovations” (Geels 2004).

Theory frame: The MLP is considered as a flexible framework tied crossovers to
meta-theories such as evolution theory and intéysm. It frames the topic of
transitions as multi-level alignment processesd$aape, regime, niche) and co-
evolution (science, technology, economy, politid &nlture) explaining the structuration
of activities in local practices over time.

Theoretical propositions: The MLP gives particular answers to the two questi What
mechanisms create stability and incremental innor@tHow does radical innovation
emerge? First, stability and incremental innovatiom explained by path dependency
arising from three system elements: 1. Rules agidnes provide stability by guiding
perception and actions. 2. Actors and organizattwasembedded in interdependent
networks and mutual dependencies which contribuggability. 3. Socio-technical
system, in particular the artefacts and materigkoeks, have a certain ‘hardness’ which
makes them difficult to change. Second, instabdityg radical innovation are explained
by niche dynamics or as “tension” induced adjustnpeocesses. Niches are seen as one
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seed of change: Since rules in niches are less ahebthe structuration of activities is
less pronounced, there is more space to go inrdiffedirections and try out variety. The
tension and misalignment propositions refer toitenand mis-matches of activities
between multiple social groups and certain rulgkiwithe socio-technical regimes.
These tensions create the need and space forrietizipe flexibility for actors. The

origins of tensions are attributed to five domagignges on the landscape level, internal
technical problems, and negative externalitiesy@bsas changing user preferences,
strategic and competitive games.

In sum, the overview shows that over the past detaelresearch stream on the MLP has
established a common understanding and a distimctvell-defined language about a
socio-technical system that allows for discussimgrisubjective assumptions that goes
beyond meta-theoretical considerations about dycemomplexity. Such a common
language community is important for a scientifeldi Becker (2003) states that an
unique language community is the constituting défeee between pre-scientific and
scientific cognition.

In addition, the multilevel perspective offers tamnceptual advantages: First with its
research focus on how the fulfilment of a soci&iattion (e.g. transport, living) is
improved - either by incremental or radical innawat it theoretically guides the
boundary delineation for its practical applicati®econd, it offers a framework that helps
to structure the practical transition situatiorainystematic way, but without applying ex
ante assumptions that may lead to an oversimgiificar a narrow misconception of the
problem situation. It does so by highlighting soimendational mechanism, by offering
analytical concepts (e.g. actor and rule categpagsvell as a typology of transition
pathways. However, it still leaves room to operagitze the sensitizing concepts and to
define the case specific causal circularities.&8dbwever, there has been little
discussion about methodologies that support timd &f analytical rigor and that help to
guantitatively and theoretically discriminate tlpesific transformation mechanisms in a
synergetic manner. Further research in this doaatiill help to enhance theorizing with
rigorous mathematical models and to substantig®AhP perspective.

2.3 What is the allure of the MLP for simulation experiments on
socio-technical transition task

In the former section an overview about the spegidif the multi-level and FBP on
sustainability transition have been given. In gestion the differences and
complementarities of both research perspectivdseisummarized. The discussion
should give a clear answer to what extent feedbamttelling with its key concepts can
be integrated within the MLP and what value addsdlme expected from an integration
of both perspectives.

The comparison in Table 1 between the researctenbatf the MLP and FBP mirrors the
differences in the applied language as a resuheflifferent levels of abstraction of both
perspectives. While the MLP terms are groundetiénapplication context of socio-
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technical transitions, the FBP terms reflect thergdic language of nonlinear dynamics
and the methodological modelling jargon.

A systematic comparison of the research focus aloagresented levels however, shows
that there are strong similarities regarding thvell@nd unit of analysis. Both
perspectives are dealing with a process theoryrevbigh-systems and their elements are
responsible for a dynamical phenomenon. Rulestefaetions are decisive. But there are
differences in the theory frame and the main arallytoncepts. While in the MLP the
elements and the subsystem have been named, theffeB$no material guidance. Also,
the main theoretical concepts are described imadiéferent language. We could say the
MLP applies a descriptive term frame, with a statiderstanding, to some extend, while
the FBP applies a methodologically oriented prodeseription. But the explanations of
both perspectives are not conflicting but rathenplementing. The FBP offers technical
concepts for the systemic process analysis, whéned€LP offers descriptive analysis
concepts that help structure the transition situneith a scientific, field specific and
practicable term frame.

A final observation can be helpful for assessirggagbmpatibility. Within the MLP
research literature the authors are often usimggauch as accumulations, circular
causalities, feedback or nonlinearities. This olston gives evidence of similar
conceptions at a more abstract and technical asadéxel. Although the methodology
has not yet been systematic elaborated in the NHI&, there seems to be some
interesting synergies between both perspectives.

In sum, we have seen that the differences in theareh content are not conflicting but
rather complementing each other. The MLP offermtand concept frame for the
scientific description and structuration of thens#@ion context. Contrarily the FBP offers
a distinct analytical term and concept frame thdtalpful for rigorous analysis of causal
circularities within a transition context. We casnclude that the MLP framework offers
a helpful language for a modelling experiment basalfeedback perspective. This
allows scientific conceptualization of a socio-teical transition challenge departing
from an inter-subjective and hence scientific gtgrpoint. In addition feedback
modelling appears to be a promising mathematicallyars approach that helps to
substantiate the MLP. There exists a natural ayfinetween both perspectives
suggesting that they can be integrated.
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Research focus

Level of  Middle range theory
Analysis  Puiding
Unit of Aims at mult-
Analysis dimensional insights
Interactions between
structures and
resuling behavior
Theory Main heuristic
Frame
Fragmented
disciplinary concepts
Main Limits to growth
concepts

Equilibrium / Stability

Path dependence

Instability

Research content MLP

Level of analysis are transitions within a socio-technical system thatis
delineated by its fulflment of a societal function (e.g. transport,
communication, housing ...)

Explain a dynamical phenomenon. Understand the co-evolution of the
five different regimes: science, technology, economy, politics, culure i.e.
co-evolution of new technologies, changes in markets and user practices,
poliical and cultural meaning

Elements are actors, rules/instituions, system resources and artfacts,
multi-level alignment processes

The mult-level perspective is a flexible framework with crossovers to
meta-theories such as evolution theory and interpretivism.

Theories from sociology, psychology, (evolutionary) economics,
management science efc. guide the scientific argumentation
Implicit explanations are given by the tension concept

RQ: What mechanisms create stability and incremental innovation?
Stability arises through stable decision heuristics

PD results from: 1. Stable rules 2. Mutual depending actor networks.
3. Physical artifacts and material networks
RQ: How does radical innovation emerge?

1. Niches as the seed of change. 2. Tension and misalignmentin regimes

A Changes on the landscape level, B Internal technical problems, C
Negative externalies, D Changing user preferences, E Strategic and
competiive games

Research content FBP

Level of analysis are endogenous feedback processes and their
behavioral implications within a socio-technical system thatis delineated
by a dynamical phenomena

Explain a dynamical phenomenon. Understand the underlying
determinants and coupled feedback loops that drives co-evolution of
important (state) variables of socio-technological system

Identifying important stocks and variable system elements as well as their
specified rules of interactions with its behavior patterns

Theory of nonlinear dynamics: Nonlinear shifts in loop dominance
explain system change

Theories from sociology, psychology, (evolutonary) economics,
management science efc. guide the scientific conceptualization

Positive loops are responsible for growth or decay processes. Negative
loops become dominant if various limits to growth are approached

RQ: Whatis the basic feedback structure responsible for the observed
system behavior? Powerful negative feedbacks create stable equilibrium.

PD is the result of dominant positive feedback processes and arises in
systems with locally unstable equilibria.
RQ: What structure exists but has not yet played a significant role?

Shifls in loop dominance alter the behavior mode (explain transitons): As
system evolves, latent feedbacks may become dominant

In nonlinear systems the feedback loops and parameters governing the
dynamics vary depending on te state of the system.

RQ: Research Question; PD: Path Dependence

Table 1
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3. Anillustrative ssimulation experiment on a socio-technical
transition task

In this section we present an illustrative simalatexperiment and its main findings
concerning a socio-technical transition as a Hasithe methodological discussion later
on. The project was part of the National Researolgfam 54 “Sustainable Development
of the Built Environment” of the Swiss National &gce Foundation. The research design
of the project called “Diffusion dynamics of enermfjicient buildings DeeB has been
strongly informed by the scholarship of System Dyit® modeling. The main research
question of the simulation experiment was: “Whiahtbrs and processes have played a
role in the diffusion of energy efficient housingsigns in the Swiss building sector?”

3.1 Empirical background

In Switzerland, environmental and energy politias been anchored in the Swiss
Constitution (i.e. Article 73 sustainable developmérticle 74 protection of the
environment and Article 89 for energy politics) (Ssv Federal _Authorities 1999
(2011)). Also, Switzerland has signed the Kyotot@rol in 1997, and consequently
approved the COLaw which prescribes that the @@&missions need to be reduced by 10
percent below the reference value of 1990 untilytrer 2010. Although this federal
legislation has been complemented with the visioth® 2000-watt sociefyin 1998 and
several national and cantonal policy programsatiféevement of political targets
regarding energy efficiency and reduction of greease gas proves to be very
challenging. This indicates the need for furthesvigrnance” efforts, specifically in the
domain of transportation and buildings. In conttaghis general observation, energy
efficiency in new buildings has shown a very pesitievelopment in the last five
decades (c.p. Jakob 2008). Therefore a better stagheling of this success story and its
governance mechanisms would help to transferfitrtber domains in need of action.

An empirical study showed that gathering of exangitudinal data on energy
consumption from new built houses is a challengasts (Brihlmann and Tochtermann
2000; Dettli, Gsponser et al. 2003). Figure 1 sunmea the available information and
illustrates the continuous decrease of energy ddrmafinew built housings from 1970 till
2010 in Switzerland. While in 1970 a newly builtnm® consumed around 800
MJ/m*year for heating and warm water, energy consumgtias been decreased by a
factor four resulting in an average of 200 M¥year in 2010. However, these values
may differ strongly, depending on regional locatitype of housing and implemented
energy standard. In the same time horizon the pficd showed a different
development. We can observe a decade with higbriciés from 1974 till 1984 due to the
oil crisis, and two decades with relatively low egeprices from 1985 till 2005. While
the oil crisis may explain the initial improvementenergy efficiency, the strong decline
in energy consumption in the following two decadasnot be explained by the oil price

! Project Nr 405440-107211 of the National Rese®migram 54 of the SNSF
2 “The vision of the 2000-watt society calls for@ntinuous reduction in energy needs to 2000 watts p
person’http://www.novatlantis.cliaccessed 8 August 2011].
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trend. Instead other governance mechanisms suafoasial and formal norm setting
processes (i.e. building codes) gain importanced&ser and Ulli-Beer 2008; Jakob
2008). These observations provided the empirieatisg point for the simulation based
case analysis.
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Figure 1: Comparison of energy demand of new buildings imt&sland and the crude
oil price development (adapted from (Groesser 281dress)).

3.2 The modelling exercise

The research approach

In order to analyze the historical socio-technicahsition towards energy efficient
housing a transdisciplinary and interdisciplinaegearch approach has been chosen (Ulli-
Beer, Bruppacher, Grésser, Geisshusler, Miller tdh@idzadeh, Schwaninger,
Ackermann, Andersen, Richardson, Stulz and Kaufrtéayoz 2006). Psychological,
managerial, and economic theories as well as seegtigmpirical investigations about
antecedents of behaviour choices have been anabyzedtructural equation model
(Lauper 2009). These results have been synthesied simulation model for a middle-
sized Swiss city (i.e. interdisciplinary perspeesiy. Therefore the relevant actors (i.e.,
public and private decision makers in the valuatoa chain of buildings) have been
involved in the model building process (i.e. trasslinary perspective). In order to
identify the relevant actors an iterative metho@abr identification has been developed
and successfully applied (Muller, Grosser et al2(n press)). The identified actors
have been invited to participate in four worksheops(Figure 2) in order to discuss the
main conceptual assumptions and behaviour impticatof the simulation model

11
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(Groesser, Ulli-Beer et al. 2009). The applied teghes for participatory modelling have
been informed by the literature about group modéting (e.g. Andersen, Richardson et
al. 1997; Howick, Ackermann et al. 2004).

The scientific aim of the modelling project wassteed light on dynamic interactions
between behavioral factors (e.g., planning, degisiaking and routines of the relevant
actors in the building sector) and contextual fexc{e.g., technological innovations,
public initiatives, and market conditions), thupksining the diffusion of energy efficient
buildings in a community.
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Figure 2: The project road map of the simulation experinf&atufmann-Hayoz,
Bruppacher et al. 2005)

Main results

The actor identification process and boundary @elilon task resulted in a first
conceptual framing that emphasizes the feedbaaepses between actors’ action
(strategies) and their perception (expectatiorgoaietal structures (Figure 3). In addition
important actors influencing the actors of the eatveation chain have been identified.
At this point the importance of innovative actorsups promoting housing designs with
low energy consumption standards have become galety actually had triggered the
new ee improvement trajectory. In addition the Svaissociation of engineers and
architects (SIA) played a leading role in the pescef developing and enforcing formal
building codes) in support of the ee trajectorg.(e 1975 the SIA 380). Before the
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energy crisis, the SIA has developed mainly bugdindes addressing safety and quality
requirements. But governmental agencies at thenahtevel (informed by the SIA)

were responsible to prescribe and enforce mandatogy-efficiency requirements of
buildings — here some cantons played a leading Na&onal authorities, however, have
elaborated together with the cantonal authoritresgbype ordinances
(Musterverordnungen from 1986, 1992, 2000, and P0@8 have to be implemented at
the cantonal level (Jakob 2008).

Societal Structures

Built Environr
Legal Field
Political Field
The Market
Technology

Agents of the Building System

uondaoiad

Use Implementation Planning Ordering

Strategies

Construction
Owners Companies
Renters Craftsmen

Installers

¢ ¢ 8§ 3

Interest Groups
Governement Agencies
Energy Suppliers

Architects Buy-Owners
Planners Investors
Engineers (Banks)

Value Creation

Chain

/Supportlve Sub-

System

Figure 3: Basic circular causalities between actors’ actiostsategies and societal
structures that influence actors’ perceptions ketgtions (Muller, Grosser and Ulli-Beer
2011 (in press))

In the course of further investigations into litewa and empirical data, a System
Dynamics model has been conceptualized that foretlihe rule of interactions between
important actors and socio-technical context vdembrl his resulted in a quantitative
simulation model that was able to replicate théohisal development of different types
of energy coefficients. Further-on, model analgsid mapping resulted in a so called
causal loop diagram that visualizes the main medeébles and feedback processes
underlying the observed behaviour patterns. Thidehanalysis process help to answer
the research question: “Which factors and procdsaes played a role in the diffusion of
energy efficient housing designs in the Swiss lngdector?”
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In the following these insights will be presenteséd on Figure 4. | will start with
important external variables that trigger furthexamanisms. The trigger variables are the
price of fossil resources, the innovativeness afa®d and supply agents as well as
action pressure from energy supply and climate ghdinreads. There are also two policy
variables that represent the influence of governatactions (‘official support for

energy efficiency’ and ‘political desired energyrtind target’). The effect of these
exogenous inputs on the energy efficiency of hausmits is explained by the six
governance mechanisms illustrated by feedback |odpesy can be either reinforcing R,
producing exponential change, or balancing B eng@bal seeking behaviour towards
an (implicit) system target: The mechanism <B1 Tetbgy push> represent innovators,
that are responding to a perceived gap betweereagyre indicated / political) ‘desired
average annual energy demand’-target and ‘the letesage annual energy demand per
housing unit’. The energy demand per housing wstlteen reduced due to ‘research and
development activities’ and improvement in the deof technology’. Since ‘Energy
demand of the innovative standard’ is based onraatated technology developments, it
is modelled as a state variable — marked with &angte. This balancing mechanism
triggers four reinforcing mechanisms that produqao@ential change in the respective
state variables. The mechanism <R1 Learning bygtogoverns the ‘experience base
with ee housing technology’ of supply agents, <R2dptance dynamics> control the
‘installed based of ee housing units’, the mechmarif3 Market pull> regulates the
‘relative capacity to construct ee housing unifssapply agents, and <R4 Economies of
scale> support the reduction of ‘energy demandh@fiuilding code’. These governance
mechanisms are regulated by interaction rulesexample the utility calculation derived
from the different attributes of ee housing andngiag preferences labelled as
“familiarity with and reliability of ee housing utsi.

The adjustment processes are slowed down duegonss delays. Delays are marked
with double bars across the causal relation arrds.adjustment processes are twofold
balanced. First, they are balanced by the goalsgédop <B1 Technology push> that
tries to close the gap. Second, the mechanism €BR2d to reduction> stabilizes the
adjustment process as soon as the agents of tiastiasetting association perceive
higher ‘marginal benefits of alternative investmeafectories’ compared with the
‘relative marginal benefits of the ee trajectotirat limits their ‘willingness to reduce
energy demand of the building code’. Currentlys t@lancing mechanism becomes
dominant in Switzerland. It is reflected in theadission about unreasonable insulation
practices that tend to overplay the thermos btileciple.
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Figure 4: Basic factors and processes that have playeckarrdthe diffusion of energy
efficient housing designs in the Swiss buildingtee?’ (enhanced from Groesser and
Ulli-Beer 2008)

Discussion of the results

The interdisciplinary and transdisciplinary reséaapproach was adequate for answering
the leading research questions: "Which factors@ndesses have played a role in the
diffusion of energy efficient housing designs ie Bwiss building sector?”

Based on the simulation experiment, a fairly watb&ically founded causal loop
diagram could be deduced that has the power tatbpexplain the diffusion of energy
efficient housing designs in Switzerland in a ceneéway.

We specifically have seen that exogenous varigplese of fossil resources, the
innovativeness of “entrepreneurs”, and long termicg@ressures from energy and
climate change) triggered radical innovation shapethe co-evolution between
behavioral factors of actor groups as well as cdntd factors of the socio-technical
environment. This means that on the one hand gnedes for ee housing of the different
actor groups have been built up and enforced awer &nd that product characteristics of
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ee housing designs have improved in such a wayhhkanteraction rules (e.g. utility
calculations) resulted in higher adopter potenf@ase housing designs. The same is
true for the implementation of new and enforceddsads as well as policy targets.

In other words, external factors have triggerednne improvement paradigm energy
efficiency (ee) in housing designs and (i.e. rddimaovation) as a new norm within
different actor groups (standard setting authajtsipply and demand actors as well as
policy makers). The new norm has not substitutedptimary performance attributes of
housing in general such as costs and quality leated a complementary improvement
trajectory. Generic reinforcing mechanisms of ineceatal innovation and diffusions
supported the ee improvement trajectory till itngal enough strength to create the new
dominant ee housing design for the mass markes. Mians that co-evolutionary
processes has generated a shift in the loop docenafrthe mechanisms supporting
energy efficient housing designs over the main gemeechanism supporting traditional
housing designs — hence redirecting the existitigvey towards energy-efficiency.

In addition to this systemic explanation of theenptay between behavioral and
contextual factors, the analysis has shed ligitherrole of two mechanisms that has not
get a lot of attention in the scientific literatuge far. These are the mechanism <R2
Acceptance dynamics> that represent changes iarprefes, and mechanism <B2 Limits
to reduction> that reflects the ending of an att@bspecific improvement trajectory.
Also, we have seen that the pace of the diffusimegss depends on the co-evolution of
subsystem specific state variables that influeheea¢sult of the interaction rules
coordinating multiple feedback loops. Consequetitigse policy packages are effective
that are influencing the outcome of interactioresuh favour of ee housing designs, i.e.
the utility calculation of the variable ‘relativétiactiveness of ee housing designs’ and
the calculation regarding the need of action ofvidugable ‘gap average annual energy
demand’ influencing invention and innovation comieg ee improvements. This has
been done by setting the sliding goal ‘politicalgsired annual energy demand”. The
sliding goal behaviour resulted from changes instia¢e of system that legitimated the
enforcement of ee standards over time. The taggenhg process and the balancing loop
<Technology push> is critical for understandinghbibite directional stability and
enforcement of the ee improvement trajectory. i@ty has overridden profitability
consideration of demand agents during the low gngrige phase from 1985 to 2005.

In sum, we have seen that the simulation exer@seplovided valuable insights for
system understanding and policy design. Howeverptterall approach has also its
limitations. Empiricism was methodically very cledbing and compared to narrative
and qualitative system analysis, it was very tiangd cost- consuming. In addition, the
communication of the overall approach and the figdito a scientific community is very
challenging, since the approach contradicts dis@py research practice in different
ways. Firstly, the main insights are multi-dimemsibbased on the synthesis of
knowledge rather than on analysis into a one-dimeasdefined concept. Second, the
approach combines concepts from different disogslithat do have no common scientific
research community. Finally, the utility of the silation model cannot be valued by
traditional one-dimensional validity parameters) #merefore the quality of the overall
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research is more challenging to communicate. lit@ddsimulation approaches still
have an acceptance problem in the mass markee sfoitial science community, because
the experience base is still rather low.

4. Reflecting the ssimulation experiment from the MLP

In this chapter | us the multi level perspectivedtiect the simulation experiment
described above. The practical case is used tamesitlustrate the theoretically derived
statements in chapter 3 concerning what additimsayhts from an integration of both
perspectives and approaches can be expected. Tonermorate, the statements suggest
that first, the MLP framework offers a term and cgpt frame for the scientific
description and structuration of the transitionteah Second, it allows the scientific
conceptualization of a socio-technical transitibaltenge departing from an inter-
subjective and hence scientific starting point.r@hihe FBP offers distinctive analytical
concepts for a quantitative process analysis basexdusal circularities.

For the case specific discussion of the statemesat$ollow the research strategy
framework specifically developed for integrativeavation system modelling (Ulli-Beer
and Wokaun 2011). We show in a first step how anathich research phase the MLP
helps to conceptualize and interpret the spedifitigtion experiment. We also show
how the MLP helps to interpret the insights and litoenhances theorizing of socio-
technical transitions. In a second step, we disthessalue added of the simulation
experiment for the enhancement of the MLP.

4.1 MLP as reference frame

The motivation of the simulation experiment hasrbie general societal problem
situation of growing energy demand and &issions that is perceived in a subjective
way by different actors (Muller, Grésser and Uled3 2011 (in press)). The building
sector has been identified as an important eneygguemer where ee measures promise to
have a significant saving effect (Levine, Uerge-8&ir et al. 2007). The selection of the
case “energy-efficiency in new housing units” wasglgd by empirical observation of the
diffusion of energy efficient housing units thatwadly was interpreted as in need of
being accelerated at a first glance. From a séiep&rspective this situation was related
to interdisciplinary concepts in need of integmatiy the systemic FBP(Kaufmann-
Hayoz, Bruppacher and Ulli-Beer 2005). Further stigations into the messy problem
situation, also taking into account practitiongrsrsonal theories’ lead to a clear
description of the energy consumption phenomerna fistatic perspective as well as a
dynamic perspective. While the static perspecthaed some improvement potentials
(Bruppacher 2009), the dynamic perspective idedtithe case “energy consumption of
new housing units” as a success story . The lattgrirical specification has allowed
pushing scientific thinking beyond the initiallygposed interdisciplinary perspective.
Concretely, it qualifies the dynamical phenomenarasiteresting case for a MLP
analysis.
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1. Proposition: With the help of the MLP, the sciet8ituation of the dynamical
phenomena as well as the level and unit of anatgside specified according a
unifying research frame.

The MLP suggests conceptualizing the case as siticanin a socio-technical system.
The boundaries can be delineated by focusing osdb®-technical function housing.
The framework also defines the situation specifiit af analysis a priori in a common
language. The unit of analysis consists of diffeedements of the socio-technical
housing system: Actors, (interaction)-rules, systesources (i.e. capacities) and artifacts
(ee housing units) as well as multi-level and reginternal alignment processes. In
addition to the scientific situation, also the wet cognitive community and their
communication channels can be identified (e.g. lsch®f the Sustainability Transition
Research Network).

2. Proposition: The MLP perspective helps to idgritie thematic reference-
authorities that are important to legitimize theestfic contribution of the simulation
experiment for theory building.

The theoretical comparison of the applied FBP &edVLP builds confidence that the
simulation experiment is an adequate case foragpdin or extension of MLP theorizing.
It also suggests that the simulation approachadgtermined to discriminate the
effective mechanism from a number of potential na@edms explaining diffusion of ee
housing units or path dependency. Hence the exgbeotgribution would be to explicitly
identify the causal circularities, and their direntlity (balancing or reinforcing) based
on relevant empirical evidence. Therefore the terpretation of the simulation
experiment allows addressing theoretically deriresgbarch questions that may help to
replicate or even to enhance theory building ofNtié>. The two main research
questions of the MLP can be discussed. RQ1: How dadical innovation emerge?
RQ2: What mechanisms create stability and increah@miovation?

The RQ1 is mainly answered by the exogenous inpuatle exhibited in the CLD
(Figure 4). At the one hand there have been lapéspeessures (Oil crisis and climate
change threads) that helped trigger dynamics ih thet market niche as conceptualized
by Levinthal (1998) and the technological nicheléierentiated by Markard and Truffer
(2008). In addition, the landscape pressures dlggetred the differentiation of regulative
rules of standard setting and governmental autbsrias well as the normative and
cognitive rules of the supply and demand actore. dihshock provided a window of
opportunity for innovators within the value creatichain and the standard setting
authorities.

The response to RQ2 addressing the identificati@awsal mechanisms creating stability
and innovation is given by the endogenously expldichanges of critical system states.
The actions of the innovators within niche spedafitor networks started to change
critical system states that helped to enforce alignt processes. These have been
described be the reinforcing and balancing caugsghianisms. The critical causal
mechanism driving the alignment processes of usfeences have been captured by
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the mechanism <Acceptance dynamics>. Those ofdhstrction industry have been
mapped by the mechanisms <Learning by doing>, <btgslall> and <Economies of
scale>. Within the technology regime the mechaniSmchnology push> is decisive
while in the regime of policy and culture <Slidiggal setting> and <Limits to
reduction> came into play and have created the gegtendent ee improvement
trajectory within the socio-technical system. Aatingly path dependency has evolved
due to the random event at the landscape level'dilecrisis”) early in the history of the
socio-technical housing system that has deterntimedbserved transition path.

The ee improvement trajectory and its pace is digretron five system states: ‘Energy
demand of the innovative standard’, ‘Energy demairttie building code’, ‘Experience
base with ee housing technology’, ‘Installed baseechousing units’, as well as
‘Relative capacity to construct ee housing unitsiese stocks as well as implementation
delays have created system inertia, while the gtgmal-seeking behaviour of the
mechanisms <Technology push> locked the socio-teehhousing system into the
energy-efficiency trajectory even in phases of &avergy prices.

3. Proposition: The MLP helps to specify the saéfentask of theorizing, i.e. the
formulation of theory based research questionshgpdtheses. The expected
contribution of the simulation experiment regardieglication and refinement of
existing propositions can be postulated at an estalte of the research project.
Likewise the results of the simulation experimear#ts be reinterpreted in light of
MLP theorizing.

The simulation model development process has basedoon best System Dynamics
modelling practice — with high efforts. Howeverpextise development in socio
technical transition modelling requires that engaitirigor as well as parsimony of the
simulation model needs to be balanced better. The b&n become helpful in the
development of theory based empiricism for simalagxperiments in the sense that the
data collection process can be focused on andlyicecepts that have been defined in
advance by the MLP. Also mathematical building kfofor the MLP concept may
facilitate the formulation of further simulation aels. Therefore methodically research
within the MLP field needs to be developed. Formegke, the case specific simulation
model illustrated in this paper could be simpliftesvards generic MLP model structures.
This would allow its application for, testing arefinement with further socio-technical
transition tasks.

4. Proposition: The MLP helps to develop expelitiseimulation experiments of
socio-technical transition challenge.

These four propositions postulate how the MLP wadétp to position System Dynamics
simulation experiments as an applied modellingigis® in the field of socio-technical
transitions. They also support the theoreticalv@etinsight of chapter 2 that the MLP
would provide a helpful descriptive term frame tBahances simulation experiments in
various research phases.
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4.2 What is the value added and limitation of socio-technological
simulation studies?

While the discussion of the case study has provedgdence on a beneficial one
directional influence of the MLP on simulation expgents up to here, this view is
expanded to a bi-directional view in the followifithe value added and limitation of
simulation experiments for the enhancement of th® Mill be elaborated. The MLP
can be characterized as a narrative and descrigiiveeptual model that is missing
causal explanation power.

System Dynamics practice provides scholarship entocsystematically reduce
empirical complexity into a causal conceptual mddelards a rigorously formulated
simulation model. It helps to differentiate betwemwmgenous variables that should be
considered for the simulation experiment and thibaecan be excluded. It distinguishes
exogenous modelling inputs from endogenous caursallarities that explain alignment
processes. While descriptive MLP studies help émiifly possible mechanisms that may
explain the transition, simulation experiments amatlel analysis allows identifying most
effective causal circularities with their polargiéAs we have seen in the CLD, the
mechanism scheme can be made explicit and detéiled the interactions between
niches, regimes and landscape variables can bgzadalTherefore simulation
experiments - as illustrated above - can be searr@sponse to the quest for logical
precision (c.p. Geels 2010). Often used terms asdteterminants, mechanism, circular
causalities and accumulations can be concretizatidognalytical concepts applied in
System Dynamics practice. Also the formalizatiorafe concepts such as path
dependency can be mapped and analyzed more sphyiflo the case study, the
structure explaining path-dependency have beeriifdehand tested in simulation
experiments. Further on, simulation experiments bwysed not only for theorizing on
socio-technical transition but also for testingeefive policy packages for reaching
environmental policy and sustainable energy and €fission levels.

5. Discussion and conclusions

This study set out to reflect on the choice of adeg starting points for problem oriented
simulation studies on transitions towards “greem@dnomies. Specifically, the MLP as
a promising reference frame has been exploredallyithe FBP of the System Dynamics
field has been chosen for a simulation experimewotder to shed light on complex
interactions between behavioural and contextuabfacin the course of the simulation
experiment affinities to the MLP became evidente Phesent study therefore has
evaluated the potential of the MLP to push thinkamgthe simulation experiment beyond
the initial FBP and to support theorizing in thetsinability transition field. The results
confirm that additional value and insights from thiegration of both perspectives can be
gained. First the legitimacy and generalizatiothefsimulation study can be enhanced
since inter-subjective theorizing within a thematterence authority is facilitated by the
field of sustainability transition. Also, the MLRu become instrumental for the
advancement of expertise in setting up simulatiggeements that are focused towards
the elaboration of generic small models on suskdlibatransitions. Second, the FBP and
System Dynamics modelling, is most supportive fooperational and quantitative
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application of the MLP. Specifically, simulationgetiments provide the opportunities to
elaborate the MLP towards a causal process theosystainability transitions.

We have seen that the insights of the simulatiggeament corroborate basics
assumptions of the MLP concerning multi-level aliggnt processes. In addition, the
insights of the simulation experiments can be terpreted as a transformation path,
where niche innovation still needed to be improwedrder to provide a satisfying
solution to landscape pressures. Consequently eegators have responded by
modifying the direction of the development path #melr innovation activities in niches
(Geels and Schot 2007). In addition the case dpeatrhulation experiment has
highlighted the explanatory power of the innovatieges concept (Rogers 2003 5th Ed.)
based on empirical data.

But the simulation experiment also adds some poetoncerning the identified
mechanisms moderating the alignment processesifiSply the system specific
condition of radical innovation and the creatiorpath dependency have been
substantiated by causal mechanisms for the speei§e. In addition, accumulations i.e.
concrete state variables and adjustment delaysltesreidentified as the determinants of
system inertia. Only the co-evolution of theseestadriables within the socio-technical
housing system made stronger ee standards fordke market feasible. This actually
supports the statement about socio-technical ttandrameworks as third best policy
approaches, which add realism to sustainabilitysitaon policy emphasizing social-
political feasibility (Van den Bergh, Truffer andalis 2011).

In contrast to previous research on crossover letwéferent research perspectives
(Geels 2010) this study suggests that system thealhe founded frameworks such as
the FBP may be useful to better operationalizeMh®. Accordingly, simulation
experiments based on System Dynamics modellingbraayne response to critics that
asks for more rigorous and quantitative analysp@gches at both empirical and
theoretical levels (Malerba 2006; Genus and Col&82Markard and Truffer 2008).
“The challenge for research here is to go to a nfimeln analysis, and to move from
the statement that everything is coevolving witkrgthing else to the identification
of what is coevolving with what, how intense isstprocess and whether indeed there
is a bi-direction of causality” (Malerba 2006:18)

Further experimental simulation studies are ne¢delifferentiate further alignment
mechanisms as well as transition pathways. Thdtrelssuch a research avenue could be
a typology of generic model structures or small etedhat explain different transition
pathways. Such an endogenous explanation of radiwavation and sustainability
transitions rank also high on the list of empiridakiderata in innovation research
(Ahuja, Lampert et al. 2008). In their literatusview on determinates of innovation they
recognize that from a firm perspective many deteamis of innovation have been
identified in the past but that relatively littke known about radical versus incremental
innovations (the quality of innovation) and its geation process. Also the problem of
establishing causality remains. “Endogeneity ofkég regressors is an unfortunate
problem that bedevils much of the work on innowaiti(r6). Therefore they conclude
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“Innovative research designs and the use of coti@ttpermit causal identification rank
high on the list of empirical research.” Also Hedst and Ylikoski (2010) emphasize the
importance of explanation approaches in philosagtgcience and social science that are
based on causal mechanisms.

For the development of expertise in sustainabitapsition modelling the choice of the
adequate starting point remains critical. While MieP has proven its adequacy for the
selected simulation task, further transition fraroekg need to be considered depending
on the concrete problem definition (e.g. Bergekpbason et al. 2008; Safarzynska and
Van den Bergh 2010). However, the ultimate utilégt of such an integrative transition
modelling approach would be the analytical powed@éduce testable policy
recommendations for socio-technical transition leimgles.

Literature

Ahuja, G., C. M. Lampert and V. Tandon (2008). "Maybeyond Schumpeter." The
Academy of Management Ann&l§l): 1-98.

Andersen, D. F., G. P. Richardson and J. A. M. We(it097). "Group model building:
adding more science to the craft.” System DynaRegew13(2): 187-201.

Becker, J., L. Grob, S. Klein, H. Kuchen, U. Midleunk and G. Vossen (2003).
Forschungsmethodische Positionierung in der Wigfisinformatik -
epistomologische, ontologische und linguistischigftagen (Arbeitsbericht Nr.
93). Munster, Westfalische Wilhelms-Universitat Nter.

Belz, F. M. (2004). A transition towards sustaihipin the Swiss agri-food chain
(1970-2000): using and improving the multi-levetgpective. . System
Innovation and the Transition to Sustainabilitye®hy, Evidence and Polici3.
Elzen, F. W. Geels and K. Green. Cheltenham, Ed&#gdr.

Bergek, A., S. Jacobsson, B. Carlsson, S. LindraadkA. Rickne (2008). "Analyzing
the functional dynamics of technological innovatgystems: A scheme of
analysis." Research Poli@y: 407-429.

Bruhlmann, K. and D. Tochtermann (2000). Erhebusrgdiirchschnittlichen
Energiekennzahlen flr Neubauten in 13 KantomBsmn, Bundesamt flr Energie.

Bruppacher, S. (2009). "Wie entscheiden privatenganen?" TEC2P2: 19-22.

Coyle, R. G. (1996). System Dynamics Modelling: rad&ical ApproachLondon,
Chapman and Hall.

Dettli, R., G. Gsponser and Y. Kaufmann (2003).l&xkng der kantonalen Unterschiede
von Energiekennzahlen bei NeubautBarn, Bundesamt flr Energie.

Elzen, B., F. W. Geels, C. Leeuwis and B. v. Mié@011). "Normative contestation in
transition 'in the making': Animal welfare conceargl system innovation in pig
husbandry."” Research Polid9: 263-275.

Forrester, J., W. (1968). Principles of Syste@ambridge, MIT Press.

Forrester, J. W. (1968). "Industrial dynamics-after first decade.” Management Science
14(7): 398-415.

Geels, F. W. (2002). "Technological transitiong®slutionary reconfiguration
processes: a multi-level perspective and a casly.StResearch policgl: 1257-
1274.

22



Paper prepared for the Conference Proceeding®dhtarnational System Dynamics
Conference in Washington DC USA, July, 2011

Geels, F. W. (2004). "From sectoral systems ofwation to socio-technical systems:
insights about dynamics and change from sociolegliastitutional theory."
Research polic®3: 6-7.

Geels, F. W. (2005). "The dynamics of transitiansacio-technical systems: A multi-
level analysis of the transition pathway from hedsawn carriages to
automobiles (1860 - 1930)." Technological Anal\yiStrategic Management
17(4): 445-476.

Geels, F. W. (2006). "The hygienic transition froesspools to sewer systems (1840-
1930): The dynamics of regime transformation.” Rese Policy35: 1069-1082.

Geels, F. W. (2006). "Major system change throughwise reconfiguration: A multi-
level analysis of the transformation of Americaotéay production (1850-1930)."
Technology in Societ?8: 445-476.

Geels, F. W. (2010). "Ontologies, socio-technicahsitions (to sustainabiltiy), and the
multi-level perspective.” Research PolRY 495-510.

Geels, F. W., M. P. Hekkert and S. Jacobsson (2008 dynamics of sustainable
innovation journeys." Technological Analysis & Séaic Managemer0(5):
521-536.

Geels, F. W. and J. Schot (2007). "Typology of sahnical transition pathways."
Research polic$6: 399-417.

Genus, A. and A.-M. Coles (2008). "Rethinking theltidevel perspective of
technological transitions."” Research Pol8?y 1436-1445.

Groesser, S. and S. Ulli-Beer (2008). "Innovatiafiusion in the Building Construction
Industry: Empirically-Based Theory Generation." ¢&edings of the 26th
International Conference of the System Dynamicseé®pcluly 20-24 Athens,
Greece

Groesser, S., S. Ulli-Beer, S. Bruppacher, R. KamimHayoz and A. Tschanz (2009).
Forschungsprojekt "Diffusionsdynamik energieeffiter Bauten": Ergebnisse
Bern, IKAOe Universitat Bern.

Groesser, S. N. (2011 In press). Diffusion DynarnmcSocio-Economic Systems: The
Case of Innovative Energy-Efficiency Standardshm $wiss Residential Built
Environment. (PhD Thesispt. Gallen, University of St. Gallen.

Harich, J. (2010). "Change resistance as the drtixeoenvironmental sustainability
problem.” System Dynamics Revié(1): 35-72.

Hedstrom, P. and P. Ylikoski (2010). "Causal Mecdsas in the Social Sciences.”
Annual Review of Sociolog$6: 49-67.

Howick, S., F. Ackermann and D. Andersen (2004)d@ng the Gap: Linking
Qualitative scenario maps to quantitative modeicstres. Research Paper 2004/1
Strathclyce GB, Strathclyde Business School.

Jakob, M. (2008). Grundlagen zur Wirkungsabsché&jzier Energiepolitik der Kantone
im Geb&udebereiclzirich, Center for Energy Policy and EconomicERE).

Janssen, A., S. F. Lienin, F. Gassmann and A. Wok2006). "Model aided policy
development for the market penetration of natuaal \¢ehicles in Switzerland.”
Transportation Research4®: 316-333.

Kaufmann-Hayoz, R., S. Bruppacher and S. Ulli-B2605)._Diffusion dynamics of
enerqy efficient buildings: Simulation of the dynarmteractions between
relevant actors' managerial learning technolodmgabvations, and public policy

23



Paper prepared for the Conference Proceeding®dhtarnational System Dynamics
Conference in Washington DC USA, July, 2011

(National research programme 54: Sustainable Dpuedat of the Built
Environment) Swiss National Science Foundation.

Lane, D. C. (2001a). "Rerum cognoscere causasi Paiow do the ideas of system
dynamics relate to traditional social theories #redvoluntarism/determinism
debate?" System Dynamics RevigW?2): 97-118.

Lauper, E. (2009). Schliusselfaktoren energierel@rdintscheidungen privater
Bauherren. Uberprifung eines sozialpsychologis¢tamdlungsmodells
(MasterthesisBern, IKAOe Universitat Bern.

Levine, M., D. Uerge-Vorsatz, K. Blok, L. Geng, Barvey, S. Lang, G. Levermore, A.
M. Mehwana, S. Mirasgedis, A. Novikova, J. Rilliagd H. Yoshino (2007).
Residential and commercial buildings: ContributadriWWorking Group Il to the
Fourth Assessment Report of the IntergovernmeraaéPon Climage Change.
Climate Change 2007: MitigatioB. Metz, O. R. Davidson, P. R. Bosch, R. Dave
and L. A. Meyer. Cambridge, United Kingdom and Néark, NY, USA,
Cambridge University Press.

Levinthal, D. A. (1998). "The slow pace of rapidgheaological change: Gradualism and
punctuation in technological change." Industriad &orporate Chang&?2): 217-
247.

Malerba, F. (2006). "Innovation and the evolutidmnalustries.” Journal of Evolutionary
Economicsl6: 3-23.

Markard, J. and B. Truffer (2008). "Technologigahovation system and the multi-level
perspective: Towards an integrated framework." Resepolicy37: 596-615.

Markard, J. and B. Truffer (2008). "Technologigahovation systems and the multi-level
perspective: Towards an integrated framework." ResePolicy37: 596-615.

Meadows, D. H., J. Randers and D. L. Meadows (2Q0#)jits to growth: The 30 years
update. Post Mills, Vermont, Chelsea Green Publishing @Gany.

Meadows, D. L., D. H. Meadows, J. Randers and Wir&es (1972). The Limits to
Growth New York, Universe Books.

Muller, M., S. Grosser and S. Ulli-Beer (2011 (mess)). "How do we know who to
include in collaborative research? Toward a mefoothe identification of
experts." European Journal of the Operational Rekea

Nill, J. and R. Kemp (2009). "Evolutionary approasHor sustainable innovation
policies: From niche to paradigm.” Research P@&668-680.

Park, S. Y., J. W. Kim and D. H. Lee (2011). "Dexyghent of a market penetration
forecasting model for Hydrogen Fuel Cell Vehiclessidering infrastructure and
cost reduction effects.” Energy Poli89. 3307-3315.

Raven, R. (2007). "Niche accumulation and hybriibsestrategies in transition
processes towards a sustainable energy systenss&ssament of differences and
pitfalls." Energy Policyd5(4): 2390-2400.

Richardson, G. P. (1991). Feedback Thought in $8ci@nce and Systems Theory
Philadelphia, University of Pennsylvania Press.

Rogers, E. M. (2003 5th Ed.). Diffusion of Innowais New York, Free Press.

Ruth, M., E. Kalnay, N. Zeng, R. S. Franklin, Jv& and F. Miralles-Wilhelm (2011).
"Sustainable prosperity and societal transitior®d-term modeling for
anticipatory management.” Environmental Innovaiod Societal Transitions
1(1): 160-165.

24



Paper prepared for the Conference Proceeding®dhtarnational System Dynamics
Conference in Washington DC USA, July, 2011

Safarzynska, K. and J. C. J. M. Van den Bergh (RO'E¥olutionary models in
economics: a survey of methods and building blddkgolutionary Economics
20: 329-373.

Schot, J. and F. W. Geels (2008). "Strategic nlnheagement and sustainable
innovation journeys: theory, findings, researchraige and policy."
Technological Analysis & Strategic Managem2af5): 537-554.

Schwaninger, M. and S. Grdsser (2008). "System Byesas model-based theory
building." Systems Research and Behavioral Sci@bcd47-465.

Stepp, M. D., J. J. Winebrake, J. S. Hawker antl Skerlos (2009). "Greenhouse gas
mitigation policies and the transportation secidre role of feedback on policy
effectiveness.” Energy Policy

Sterman, J. D. (2000). Business Dynamics. Systdrrkihg and Modeling for a
Complex World Boston, Irwin McGraw-Hill.

Swiss_Federal_Authorities (1999 (2011)). Bundessstding der Schweizerischischen
Eidgenossenschaft. T. F. A. o. t. S. Confederation.

Timmermans, J., H. d. Haan and F. Squazzoni (20@®mputational and mathematical
approaches to societal transitions.” Computatiandlmathematical organization
theory14: 391-414.

Turner, G. (2008). A comparison of the limits towth with thirty years of reality
Canberra, Australia, SCIRO Sustainable ecosystems.

Ulli-Beer, S. (2006). Citizens' Choice and Publali€. Aachen, Shaker Verlag.

Ulli-Beer, S., M. Bosshardt, P. Dietrich and A. Waoik (2009). "What alternative drive-
train technologies and policies are needed to &80 CO2 reduction target?
The case of the EU-fleet."” SAE World Congress "Rat¢o Green Mobility".
Sustainable GHG Emission. Detroit Ml USA, April ZD0

Ulli-Beer, S., S. Bruppacher, S. Grosser, S. Géslgh, M. Muller, M. Mojtahedzadeh,
M. Schwaninger, F. Ackermann, D. Andersen, G. Rdéan, R. Stulz and R.
Kaufmann-Hayoz (2006). Introducing an Action SceMenture: Understanding
and accelerating the diffusion process of enerfjgieft buildings Proceedings
of the 24th International Conference of the SysBymamics Society, (23-27 July
2006), Nijmegen NL.

Ulli-Beer, S. and A. Wokaun (2011). Towards a mdibal synthesis of innovation
system modelling. Operations Research Proceeddtf3. Selected Papers of the
Annual International Conference of the German Opmra Research Societ.
Hu, K. Morasch, S. Pickl and M. Siegle. Dordrec¢tejdelberg, London, New
York, Springer 583-588.

Van den Bergh, J. C. J. M., B. Truffer and G. Ka{R011). "Environmental innovation
and societal transition: Introduction and overvieBnvironmental Innovation
and Societal Transitiofr 1-23.

Vleuten, E. v. d. and R. Raven (2006). "Lock-in @hdnge: Distributed generation in
Denmark in a long term perspective." Energy Pobi4y3739-3748.

Weil, H. B. (2007). "Application of system dynamicscorporate strategy: an evolution
of issues and frameworks." System Dynamics Reg&®/3): 137-156.

Yucel, G. (2008). "Studying transition dynamics feausing on underlying feedback
interactions: Modelling the Dutch waste managenramsition.” Computational
and mathematical organization theddy 320-349.

25



Paper prepared for the Conference Proceeding®dhtarnational System Dynamics
Conference in Washington DC USA, July, 2011

Yucel, G. and E. E. v. Daalen (2011). "Exploratanalysis of the impact of information
dynamics on innovation diffusion.” Technologicak&gasting & Social Change
78: 358-372.

26



