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ABSTRACT
Socio-technical system transitions research describes and categorizes transitions and explains and
identifies their driving causes. In the literature, transition research frameworks have received some
critique on whether they can facilitate the search for transition causes. As a response, and in order to
cater for the complexity and contextuality of multi system transitions, this paper proposes a
retroductive systems-based methodology. The methodology relies on qualitative case study
development and quantitative simulation modelling. Retroduction along with modelling and
simulation can contribute to the shift from researching single system/technology transitions to multi
system/technology transitions. Thus the paper offers a step towards coping methodologically with
sustainability transitions that often concern multi system interactions. We demonstrate the use of the
methodology by adopting the Multi-Level Perspective on transitions to explain the emergence of the

functional foods as a niche in the food/nutrition socio-technical system.

Keywords: socio-technical systems, transitions, research methodology, retroduction, critical realism,

system dynamics

1. Introduction
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Research in sociotechnical transitions and system innovation aims at understanding social and
technological change by analysing the causes that enable or inhibit such long term, system level
processes. Research in this area faces two challenges (Genus and Coles, 2008): (i) how to create and
improve the understanding of historical transitions, and (ii) how to advance and refine the frameworks
and tools used for the analysis of contemporary sociotechnical transitions in order to inform and/or
propose interventions related to governance and technology policy. These challenges are interrelated
and involve generating and systematizing knowledge about how transitions initiate, unfold and finish.

From a systems perspective, transitions can be thought of as changes of state of socio-technical
systems. They are transient social phenomena generated by dynamic interactions between system
elements and result in long-term structural changes, which permeate the majority of the elements of
the system. Although socio-technical systems and system innovation research focus on understanding
systems, in reality theoretical frameworks like the Multi-Level Perspective (Geels and Schot, 2007;
Geels, 2004) make little use of systems approaches, methods and tools in addition to case studies
(Coenen and Diaz Lopez, 2010). In transition research methodologies, the notion of system has been
employed only to account for interconnectivity and other static, spatial, conceptual properties of
socio-technical systems while system-theoretic and dynamic, quantitative, behavioural approaches

have received little attention (Holz, 2011; Safarzynska et al., 2012).

The Multi-Level Perspective (MLP), in particular, has been criticised as offering a heuristic device
with which transition events can be organised (Genus and Coles, 2008). It has also been argued that
itis limited to single system transitions while in reality, the majority of transitions involve interactions
between more than one systems (Papachristos et al., 2013). The existence of single system transition
typologies (Geels and Schot, 2007) and the relative lack of multi-system transitions research (Raven
and Verbong, 2007; Raven 2007a; Geels, 2007b) can be partly attributed to the limited use of suitable
systems-based research methodologies to handle the increased complexity of interactions and their
generative mechanisms. Nevertheless, inter-systems interactions are expected to be important in
transitions to sustainability (Mancarella, 2014). For example, biofuels for transport link the agrifood,
energy and transport systems, and electric or plug in hybrid vehicles link transport and electricity

systems.

It follows that a shift from single system/technology to multi system/technology transition
frameworks is necessary in order to remain relevant for the future (Geels, 2010; Laurisden and
Jorgensen, 2010; Konrad and Truffer, 2008). In researching transitions, there is no other way of

inferring their causes except by constructing a plausible narrative about them and assessing its validity
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on the basis of the outcomes it produces. We argue that this requires: (i) the application of a
retroductive inference mode under a critical realist philosophical perspective and (ii) modelling and
simulation for handling the increased complexity of multi system transitions (Davis et al., 2007;
Harrison et al., 2007; Papachristos, 2014). This paper proposes a research methodology for socio-
technical systems transition that retains case studies but also integrates retroduction with simulation
modelling putting an emphasis on multi-system transition cases. The combination of models and case
studies will yield clearer insights with greater confidence (Buthe, 2002; Kopainsky and Luna-Reyes,
2008; Eisenhardt and Graebner, 2007).

Retroduction has been previously applied in several research areas, for example in technology
innovation policy (Gao, 2015). Retroduction is associated with the critical realist philosophical
perspective (Peirce, 1958; Bhaskar, 2008) and differs from induction and deduction in that it is a
process of forming explanatory hypotheses about the generative mechanisms of an observable
phenomenon and then testing them in order to determine their validity (Wuisman, 2005).
Retroduction ‘is the only logical operation which introduces any new idea and leads to new
knowledge’ (Peirce, 1991, quoted in Fischer, 2001). In research, it overcomes the limits of induction
which are associated with the long transition periods which are difficult to observe directly, as well
as those of deduction which relies on a limited number of variables isolated from the complex,
dynamic, systemic contexts of socio-technical systems through a series of debatable assumptions.

The methodology presented in the paper, operationalizes retroductive hypothesis testing through
system dynamics modelling and simulation. The methodology is applied to a novel multi-system
transition case concerning the functional foods niche, which emerged through interactions of event
producing mechanisms in the converging socio-technical systems of food and pharmaceuticals
(Curran et al., 2010). The question posed for the case was: ‘which were the operative (underlying)
mechanisms in the pharmaceutical and food systems whose interaction resulted in the emergence of
the functional food niche in the food socio-technical system?’. This question was answered by
forming a qualitative hypothesis about the mechanisms operating in the two systems and testing
possible variations through modelling and simulation. It allowed us to see whether specific
instantiations of the explanatory mechanisms for the phenomenon form internally consistent
hypotheses and are sufficient for generating the observed emergence of functional foods. It also
allowed the investigation of the effect of timing and intensity of interactions on the emergence of the

functional foods niche, something not possible through a case study.



System dynamics simulation modelling and simulation of mechanisms was chosen to reproduce the
observed phenomenon because: (i) it is suited to modelling cases developed in a narrative style
(Kopainsky and Luna-Reyes, 2008), (ii) as a systems methodology is conducive to retroduction
(Mingers, 2000; 2004); (iii) it can be used to overcome the limitations of human cognition in assessing
feedback, delays and accumulation (Sterman, 1989a;1989b; Diehl and Sterman, 1995; Cronin et al.,
2009), and (iv) it can be used for the development of middle range theory (Kopainsky and Luna-
Reyes, 2008; Schwaninger and Grosser, 2008) which is the expressed aim of the MLP (Geels, 2007a).
Finally, from its inception, system dynamics has dealt with large scale, long-term issues (Forrester,

1961; 1969; Meadows et al., 1972) precisely the kind of processes that transitions are.

The contribution of the paper is fourfold. First, a retroductive methodology to transition research that
can be applied both in MLP related and Innovation Systems research is proposed. It is applied in the
functional foods case and allows an in depth exploration and validation of the identified causal
mechanisms thus increasing the confidence in the proposed explanation of functional foods
emergence. Second, a novel multi system interaction case is presented which adds to the existing
literature on transitions. Third, to the best of the authors knowledge, it is the first multi-system
modelling effort in transition research as existing models in the literature concern single regime
transitions (Kohler et al., 2009; Bergman et al., 2008; Safarzynska and van den Bergh, 2010). Finally,
by reproducing the functional food emergence the paper substantiates the proposed new MLP

transition pathway proposed in Papachristos et al., (2013).

The rest of the paper is structured as follows: Section 2 presents an overview of systems approaches
to innovation and socio-technical transitions, while Section 3 discusses related research design issues.
Section 4 discusses retroductive inference and outlines a methodology that integrates modelling and
simulation. Section 5 presents the functional foods case and Section 6 develops the hypothesis of how
interacting mechanisms result in the new system emergence. This is followed by the development of
the system dynamics model and the presentation of the results of its simulation. Finally, section 7

concludes with discussion of results and suggestions for further research and development.

2. System Approaches to Innovation and Technical Change

Extensive literature exists on conceptualisations of system innovation and technical change (Freeman,
1987; Lundvall, 1992; Nelson, 1993). There are several strands of innovation systems research:
sectoral, regional and national (Mowery, 1998; Carlsson et al., 2002; Lundvall, 2010). They differ
from traditional black-box economic approaches that emphasise spending/input. The common ground

in their systems perspective is that innovation, technological and economic performance are
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contingent on the interactions and learning between system elements (institutions and/or
organisations) (Edquist, 1997). In the same line, Technological Innovation Systems (TIS) (Carlsson
and Stankienwicz, 1991), and Functions of Innovation Systems (Bergek et al., 2008; Hekkert et al.,
2007), emphasize the dynamic analysis of system functions and their interactions: knowledge
development and diffusion, influence on the direction of research, entrepreneurial experimentation,

market formation, legitimation, resource mobilization and development of positive externalities.

Socio-technical systems approaches differ from the above in that they broaden the unit of analysis
from the firm level to the organisational field (DiMagio and Powell, 1983), they introduce societal
processes (e.g. consumption and use), and have an overall sociological, rather than economic,
orientation (Coenen and Diaz Lopez, 2010). For example, the MLP is concerned with the
interconnections and the dynamics of social groups that influence technological change and system
inertia. In general, a socio-technical system comprises of the elements that are necessary for fulfilling
a societal need such as nutrition and includes the corresponding industrial organisation. The system
is the “product” of the activities of actors who are embedded in interdependent social groups, each

with its own set of operating rules and behavioural norms.

In the MLP discourse, the socio-technical regime is the central concept for analysing actor activities
and how they reproduce or change the system. It is where incremental technological development and
consumer preferences co-evolve defining the trajectory of the regime. The regime can be considered
as a specific state in the trajectory of a socio-technical system, which is contingent to intangible and
underlying institutional structures e.g. engineers’ heuristics, institutions and social expectations
(Geels, 2011). There are two additional levels in the MLP-based analysis (Geels, 2004): the
landscape, at the macro level, which provides long-term gradients for the regime trajectories, and the

niche, at the micro level, where radical innovations incubate and proliferate.

A transition takes place when the regime is destabilised through pressures and interactions that
develop between the three levels until a new system state is reached (Geels, 2010). Regime stability
can be perturbed by (Geels and Schot, 2007): (i) innovations that develop in niches through learning
processes, price/performance improvements and support from powerful groups, (ii) pressures
accumulating from events or trends at the landscape level acting on the regime (economic, cultural,
demographic etc), (iii) internal tensions that can destabilise the regime and create windows of
opportunity for innovations in niches, (iv) influences from external regimes or different systems i.e.

multi regime or system interactions (Papachristos et al., 2013).



Clearly, sociotechnical change cannot be attributed to a single driving interaction or pressure but to
processes at multiple levels, enmeshed in feedback loops, which reinforce or counter each other. The
study of sociotechnical change amounts to understanding how intra- and inter-system interactions
unfold over time, and how their nature, timing and intensity can enable, or constrain, a transition.
Different interactions can result in different transition pathways (Geels and Schot, 2007). However,
while most of the exemplary transition cases in the literature, on which the MLP is based, document
some outside influence to the sociotechnical regime and/or niches (Papachristos et al., 2013),
transition frameworks have not been extended to fully accommodate multi-system interactions and
there are no documented suggestions of appropriate research methodologies either. This paper aims

at filling this gap.

3. Research Design Issues in Systems Innovation and Transition Research

The fundamental research requirement for socio-technical systems remains the study of system
elements interactions, their mechanisms, and the changes that they produce. These may include lock-
in mechanisms, scale economies, infrastructures, firm competencies, institutional commitments,
shared beliefs and discourses, power relations, consumer preferences and incumbents’ vested
interests (Garud and Karnoe, 2001; Unruh, 2000). Such mechanisms need to be understood as
temporal functions because they result in path dependence, system inertia and trajectories of specific
orientation. The way the considerable number of historical transition cases can be effectively used
for policy making and for steering contemporary socio-technical systems towards desired states is

through identifying such generative mechanisms and situating them in these systems.

Nevertheless, this is not the case so far. In addition to qualitative research, empirical studies have
relied extensively on descriptive, or comparative statistics and correlations, neglecting more dynamic
analysis methods (Carlsson and Jacobsson, 2002; Hekkert et al., 2007). On the other hand, simulation
modelling has mainly been employed as a prospective experimental apparatus to assess the effects of
different policies on innovation-related performance metrics, or reproduce specific transitions
(Bergman et al., 2008; Kohler et al., 2009; Schilperood et al., 2008; Safarzynska and van den Bergh,
2010; Papachristos, 2011; Samara et al., 2012). The emphasis was mostly towards policy making on
already existing innovation system configurations, not on understanding generative mechanisms of a

specific transition case or a set of cases.

But, since the MLP aims at process theorizing (Geels, 2011), it should not be limited to descriptions
but penetrate the logic behind observed temporal progressions, whether simple or complex (Van den
Ven, 1992). Doing so would constitute part of the response to the critique the MLP has received
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regarding its epistemological value (Shove and Walker, 2007; Hommels et al., 2007), expressed as
(Genus and Coles, 2008, p1442): “potential contribution of the MLP/transitions framework could be
limited to offering a heuristic device that can be used to organise sets of data”. This critique is
consistent with the view concerning organisational research according to which variables or
constructs do not constitute a theoretical contribution without an underlying causal logic (DiMaggio,
1995; Sutton and Staw, 1995; Whetten, 1989).

So far, the response to these criticisms has been in two directions (Geels, 2010). First, in the argument
that the use of open heuristic frameworks may be more suitable for investigating transition dynamics
in comparison with the use of precise formal/deductivist models. It is argued that the MLP, being a
heuristic framework, leaves room for scholars to perceive and conceptualize different dynamic
mechanisms operating in particular transitions by developing auxiliary theories or hypotheses that are
more suitable for a middle range theory (Geels, 2007a). Second, by insisting that the MLP follows a
process theory explanatory style (Geels, 2011), and that it does not attempt to explain transitions as
causally driven by independent variables, but in terms of patterns of events that take place at the
empirical (observed) level, leaving the interpretation to the observer. The causes of the events can be

found in intangible mechanisms that operate in a socio-technical system.

The difference between system and regime is important in understanding this logic, as systems under
the MLP refer (Geels, 2011, p 31): “to tangible and measurable elements ... whereas regimes refer to
intangible and underlying deep structures”. This statement implies that there are measurements and
observations of a particular socio-technical system which can be associated with a particular system
configuration/regime. However, the structure that produces these measurements and observations is
not directly accessible because it is intangible and there is no rational way of deducing the regime

from the observations.

In the study of socio-technical system transitions this link between causes and effects was considered
at a single uniform ontological level of observable events. The MLP transition typology (Geels and
Schot, 2007) is based on a correlative logic in which “if Condition then Transition Pattern” statements
are made based on observing transition pattern and their effects. For example, (Geels and Schot, 2007,
p 308):“If landscape change is divergent, large and sudden (‘avalanche change’), then increasing
regime problems may cause regime actors to lose faith. This leads to de-alignment and erosion of the
regime. If niche-innovations are not sufficiently developed, then there is no clear substitute”. Given

the transitive nature, associating conditions with new system states does not necessarily reflect or



lead to the desired identification of causal relations between mechanisms and patterns (Bhaskar,
2008).

For example, following the MLP criteria of nature, timing and intensity of interactions, it is
conceivable that reinforcing interactions may be taking place while others are countering them, with
the result being that a stagnant situation, rather than a dynamic change, is observed. The converse
situation is also possible. Hence, observing a transition pattern and stipulating by induction that some
reinforcing and countering interactions are taking place can lead to fallacious inferences. This applies
also to other innovation systems approaches that aim to identify blocking mechanisms or countering
interactions and to propose policies for their removal (Bergek et al., 2008). Accounting for the effects
of timing and intensity of interactions necessitates an analytical shift from interpreting empirical
correlations to testing generative mechanisms for which induction is not the appropriate inference

mode.

The majority of the MLP related research utilises primarily narrative and event data in order to build
an understanding of transitions. The primary benefit of narratives is that they can convey and expose
evidence and their context in a way that quantitative approaches cannot (Pettigrew, 1992; Yin, 2003).
This is just one out of a range of available strategies for developing process theory (Langley, 1999).
Each one entails certain tradeoffs between accuracy, generality and simplicity (Weick, 1979) and has
different strengths and weaknesses (Langley, 1999). Narrative and simulation strategies lie at the two
ends of a continuum that opposes empirical accuracy and theoretical parsimony and their combined
use is in a position to offer a better trade off between accuracy, simplicity and generality than narrative
alone. It follows that simulation strategies, will be more convincing if used in combination with
approaches that allow contextualization of abstract data, adding nuances of interpretation and
confirming the mechanics of simulation models with direct evidence. Thus, our proposed
methodology adheres to a narrative strategy because almost all process research involves recourse to
a narrative strategy at some point (Langley, 1999), but also integrates modelling and simulation.

There are additional reasons for doing so.

Transitions are complex dynamic phenomena. Hence, studying them through mental experiments
alone is haphazard, as there are inescapable human cognitive limitations. These have been empirically
identified as the “misperception of feedback” (Sterman, 1989a; 1989b) and “stock and flow failure”
(Cronin et al., 2009; Diehl and Sterman, 1995; Sterman and Sweeney, 2007). People systematically
misperceive feedback, cannot estimate the effects of interconnected delays and have a poor

understanding of accumulation or depletion processes, which are also present in transitions (Raven,
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2007b; Geels, 2005). This necessitates the use of simulation for researching the underlying

mechanisms responsible for socio-technical transitions.

4. Simulation Modelling in Transition Research with Critical Realism as Underlying
Philosophy

Simulation modelling has been frequently used for foresight or demonstrating the value of specific
modelling techniques for transitions research. Holtz (2011) and Safarzynska et al. (2012) provide
reviews on the use of different modelling formalisms in transition research. in these, a specific system
is modelled, the model is validated and future projections are made by simulating what-if scenarios
frequently associated with different events or policies. This use of simulation assumes a positivistic
philosophical stance, i.e. that the world is and continues to be as the modeller thinks.

Nevertheless, studies of transition frameworks are not based on a positivistic ontology. Their
principal objective is not to predict or provide prescriptions, but to understand phenomena, and the
underpinning ontology of the MLP is a crossover between interpretivism and evolutionary theory
(Geels, 2010). This explains its methodological bias towards qualitative research and case studies and
is reflected in associated meta-analysis studies and in the development of typologies of transitions
(Geels and Schot, 2007). This leaves a limited space for a conventional use of simulation modelling
since an interpretivistic ontology adheres to a very fluid ontology overemphasising the role of the
researcher in the research process (Adamides et al., 2012). Consequently, a methodological shift in
the use of modelling and simulation necessitates a corresponding shift in the underpinning philosophy
of science. Situated between positivism and interpretivism is critical realism (Bhaskar, 2008; Archer
et al., 1998), which admits the existence of a more complex, multi-level reality (ontology), and
challenges the ontological assumptions and certainties of the positivist paradigm through qualitative

and multi-faceted, pluralistic research methodologies employing a retroductive mode of inference.

4.1 Critical Realism

Critical realism posits that a more complex, multi-level reality (ontology) exists. It aims at
challenging the ontological assumptions and certainties of the positivist paradigm through qualitative
and pluralistic research methodologies employing a retroductive mode of inference. Critical realism
accepts the relative independence of an ontological domain from the domain of observed events. It
accepts that an independent world of structured reality exists (the domain of the real) containing
generative mechanisms that are independent from the observer. They generate events situated at the
domain of the actual, which may also exist independent of the observer. What the observer/researcher
experiences from the domain of the actual constitutes the empirical domain (Sayer, 2004). A critical
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realist perspective has been applied in CO2 emission scenarios and biofuels diffusion (Upham et al.,
2014; Boucher, 2012).

For critical realists, social constructions do exist and some of them may be (re)defined and/or
influenced/altered by observers. However, this presupposes that certain practices or constructions
exist independently from those an observer can influence (Sayer, 2004). These institutionalised and
socially qualified practices that cannot be influenced effectively constitute the domain of the real and
they are referred to as socially real (Fleetwood, 2005). This essentially implies a view of organisations
and other social groups involved in transitions, as structures of positions-practices and relations
between them, developing in time and space (Reed, 2009). Hence, in a critical realist perspective,
socio-technical systems can be conceptualised ontologically as consisting of interlinked objects,
which are part of structures (mechanisms) having innate causal powers (or tendencies) and liabilities

activated under specific conditions. These then generate change in sociotechnical systems.

This logic of generative causality implies that ensembles of causal mechanisms possess the power to
influence reality and/or the tendency to exhibit particular behaviours and generate events that are
experienced by humans at the empirical level. Generative mechanisms are thus real and distinct from
the events and patterns they generate and, in turn, events are real and distinct from human experiences
by which they are cognised (Bhaskar, 2008). The observed events are the outcome of all the
mechanisms operating simultaneously, which however may not necessarily have an empirically
manifest outcome when operating separately (Archer et al., 1998). It follows that knowledge creation
about a phenomenon is produced by uncovering these mechanisms and their causal powers. This can
be done by producing a generative hypothesis where an ensemble of mechanisms operate in one way
or another, and leaving room for different outcomes or transition pathways than those the system
actually produces. Mechanism are then subjected to empirical scrutiny and their explanatory power
is evaluated against competing explanations (Wuisman, 2005). This is the core idea underlying

retroduction as a method for uncovering generative mechanisms and explaining phenomena.

4.2 Retroductive Inference

Retroduction begins with an observed phenomenon X for which no satisfactory explanation can be
formed based on existing knowledge i.e. there is a theoretical gap (Figure 1). One or several
competing hypotheses H involving mechanisms that generate X are formed by abduction based on a
theoretical framework. The validity of each hypothesis is assessed by deducing its logical
consequences or observing the behaviour of a form of representation of the underlying event-

producing system/mechanism, e.g. of a simulation model. What is the case in the real world is
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determined by induction and a judgement is made on whether the previously deduced consequences
have happened, which would thus provide support for H as an explanation for X. If this is not the
case then a new cycle of abduction, deduction and induction takes place.

Existing
1. Unexplained Theoretical,— Knowledge on
Phenomenon X gap Transitions
Induction - Case )
Analysis Repeat Cycle Abduction
with Abduction
Evaluation/—\ 2. Generative
Hypothesis H
2. Facts by De.ductio‘n
necessity by simulation

Figure 1. The use of the retroductive inference mode

This process transferred to the context of socio-technical transition research amounts to identifying
the mechanisms and accounting for their non linear interactions (Manicas, 2006) in order to explain
an observed, novel socio-technical system state that cannot be explained by linearly extrapolating
trends and behaviours (Genus and Coles, 2008). This development in research methodology may

bring about concomitant development in transition typology of Geels and Schot (2007).

4.3 A Retroductive Systems-based Methodology for Transition Research

It has been suggested that if transition research is to remain relevant there is a need for methodological
advances, particularly regarding multi-system interactions and transitions to sustainability (Geels,
2011; Laurisden and Jorgensen, 2010). Based on the above discussion, we argue that the use of system
dynamics in a retroductive mode in complement with qualitative research approaches can provide a
way forward by which it is possible to deduce the effects of non-linear generative mechanisms
operating simultaneously and when there are feedback loops and delays among then (Sterman, 2000).
System dynamics aims to create endogenous explanations of system behaviour and the problems that
they face (Richardson, 2011). Drawing on Danermark et al. (2002) the methodology proposed in this

paper comprises three steps related to Figure 1:

1. ldentification and characterisation of the transition phenomenon — development of case.

First, the main characteristics and processes of the transition which is to be analysed have to be
identified and documented. This step answers the “what” question (Whetten, 1989). The important
elements of the socio-technical system and their linkages need to be identified and described in some

detail. This necessitates the development of a narrative about what is observed as part of a fully
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developed case study. It requires both qualitative (historical archives, interviews with experts, etc.),
and quantitative research (e.g. time series) about the transition. The main variables that characterise
or define regime shifts need to be identified and operationalized as an input for steps 2 and 3.

2. Conjencturing generative mechanisms

This step involves creating generative hypotheses about the mechanisms operating in a transition. It
provides potential, plausible answers to the “how” question. This step may be more effective if
different researchers introduce different perspectives which are debated in a structured manner using
a methodology such as the Soft Systems Methodology (SSM) (Checkland and Scholes, 1999). SSM
provides a methodological map for reaching an accommodated view in an issue for which different
perspectives hold. The result of this phase will be an account of the socio-technical system under
consideration in a more fine-grained analysis including the generative mechanisms in the system, and
the conditions that enable the causal powers and liabilities of their structure. This may be crystallized

in a causal loop diagram (Sterman, 2000) and constitutes the input to step 3.

3. Modelling of system structure and simulation under different hypotheses

In this step, a system dynamics model of the socio-technical system and its mechanisms is
constructed. Different hypotheses are simulated and the results are assessed corroborating against real
world events. This reveals which hypothesis is sufficient to generate the observed transition events

and thus provides an answer to the question of “why” a transition actually happened.

In the following sections, an example of applying these steps is given. The phenomenon under study
is the emergence of functional foods as a niche of the food/nutrition socio-technical system. Assuming
that functional foods are related to both the food/nutrition and the pharmaceuticals-based treatment
socio-technical system, the main research question may be phrased as ‘which operative mechanisms
in the pharmaceutical and food socio-technical systems are responsible for the emergence of the
functional foods system?’. To answer, after developing a case narrative, we conjecture on generative
mechanisms whose modelling and simulating is used to reproduce the phenomenon. Then, the results

of the simulations are discussed in the context of whether (or not) they reproduce the phenomenon.

5. The Case of Functional Foods Emergence

Functional foods, or nutraceuticals, are an innovative category of food that can be considered as a
niche of the current food socio-technical system. They do not constitute just a product, or incremental
innovation because their emergence has been associated with changes in relations between several

social groups (Kallinikos et al., 2013): food producers, consumers, patients, physicians, medical
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associations, governmental agencies, as well as between the artefacts per se and consumers.
Functional foods are associated with know-how of biotechnology that originated from the
pharmaceuticals industry, and are directly linked to specific diseases. At the same time, functional

foods are still food, which historically has been associated with everyday life practices and “lifestyle”.

Functional foods are similar to conventional food but offer additional health benefits such as illness
risk reduction, prevention and most importantly, treatment of diseases (Best, 1996; Mark-Herbert,
2004). Functional foods can be viewed as products containing substances with health-improving
properties (e.g. plant sterol/stanol esters that reduce the risk of coronary heart disease), promoted
through health improvement claims made by their producers and their supporters. These claims are
based on technical, objective data instantiated in the evidence-based logic and the support of clinical
studies certified by medical associations (e.g. the heart diseases medical associations) (Miettinen, et
al., 1995). The social dimension and systemic nature of the innovation of functional foods is amplified
by their definitional ambiguity and by the absence of a consistent associated legal framework (Doyon
and Labrecque, 2008). Their public image as health promoting products is associated with the notion
and identity of the consumer-patient, and with artefacts such as medical statistics, results of clinical
trials, specialised scientific workshops, and packaging information constituting boundary objects

between producers and social groups (Eden, 2011).

Following the MLP logic, subsequent sections identify developments and trends in the emergence of
functional foods at the landscape and regime levels. Seven propositions of mechanisms are outlined
which are thought to be operating and driving the trajectory of the systems interactions. They are then
consolidated into a single causal loop diagram as the transition’s generative hypothesis to be tested
through simulation modelling. The outcomes of simulations are then presented and discussed in

Section 6.

5.1 Landscape Level: Overarching Trends

Two large-scale shifts have taken place in the last decades: the shift in individual life styles in the
developed world, and the global demographic shift. Both are directly related to maintaining individual
health through healthy nutrition preferences, and increased health care costs for a growing ageing
population. The link of nutrition to health has been firmly established (Potter and Steinmetz, 1996;
Lorgeril et al., 1998). Awareness of this fact has changed individual lifestyles towards enjoying food
without compromising health, or forgoing the ingredients that are essential to maintain human
physiological functions within normal levels. The awareness of the link between nutrition and

individual health has also increased because cases where food products for human consumption had
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adverse effects received widespread media attention in the late 1990s and early 2000s (BSE, dioxins
etc). This shook consumer trust in food quality and the ways it is produced. As a result, consumers
sought nutritional guidelines and information about what they consume, and became more willing to

change their nutritional habits. Hence, we propose the mechanism:

M1: food crisis and change in life style —> less trust and seeking more information about food

The second shift is demographic and has three components: (i) an increase in average life expectancy,
(ii) population growth, and (iii) a shift in age stratification. In most developed countries, senior
citizens are a significant percentage of the population. This influences the health care system, the
requirements for physicians and other skilled personnel, the demand for hospital beds and equipment,
and the need for long-term institutional care facilities and home care services for the elderly (Denton
et al., 2002). The increase of average life span places the health care system under pressure because
the additional years of life are not necessarily spent in good health. For example, the incidence of
alzheimer, osteoporosis, and chronic cardiovascular diseases has increased. A factor that has been
shown to exacerbate this is the increasing level of obesity in developed countries (Mermel, 2004;
Muller et al., 2008).

Increases in health care expenditure across developed countries are also attributed to technology,
which can amount to one third of per capita cost (OECD, 2006; Okunade and Murthy, 2002;
Newhouse, 1992). Investing in medical technology R&D in order to improve healthcare services is a
driver of cost per capita, and has an ethical aspect to it, as improving health care services is considered
to be imperative. Health expenditure is also driven by individual income growth, which is strongly
related to GDP per capita growth in developed societies. People who can afford to pay for a better
and more expensive treatment will generally do so (Hearle et al., 2003). Another driver of healthcare
expenditure is the incentives embedded in reimbursement systems for patients and providers
(Jacobzone, 2000). For example, spending on pharmaceuticals accounts for 17% of total health
expenditure in Europe and has grown faster than other major components of the health care system
since the late 1990s (DiMasi, 2003).

Controlling these cost drivers is difficult because demographic changes take a long time to manifest.
The alternative for governments faced with the pressing need of controlling health care costs is to
motivate individuals to be proactive about their health (Coveney, 2003). This includes fitness and
nutritional habits that improve individual health and alleviate the need for treatment with expensive

medicines. There is some overlap between providing for population nutritional needs and maintaining
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or improving human physiological functions, like digestion for example. Functional foods lie in this
area of overlap as they are specifically aimed at addressing nutritional and physiological needs
simultaneously (Niva, 2007). This provided a business opportunity that led to their emergence and
proliferation, which has gained pace with advances in life sciences, particularly biotechnology and

molecular biology. On the basis of these observations, we propose the following mechanisms:

. increase in health care need for more
M2: —_ .
Ccosts preventive health care
M3: need for preventive s need for preventive,
" health care healthy food
. heed for preventive, _ . .
M4: healthy food > business opportunity
M5:  business opportunity _. More intensive scientific
research
. business opportunity drive for diffusion of
M6: coorh —_ A
and scientific research functional foods

5.2 Regime Level: Pressures on the Two Systems

This section provides an overview of the two systems of the case, and the developments that took
place at the regime level. The pharmaceutical industry is highly regulated in order to secure product
safety, intellectual property and pricing (Brannback et al., 2002; Allarakhia and Walsh, 2011).
Industry competition is driven by R&D speed and spending, drug discovery, and patented marketing.
A significant difference with the food industry is the level of R&D investments. It is approximately
1% of net product sales in the food industry, while for the pharmaceuticals it 15% (EFPIA, 2014).
Moreover, pharmaceuticals are expensive, and, in most developed countries, part of their market price
is covered by public health care system funds. In contrast, food is consumed daily and the consumer
pays the full price. Furthermore, consumers in the food system are supplied directly by the food
industry, whereas in the pharmaceutical system this is usually done through physicians and

pharmacies.

The Pharmaceuticals-based Health-maintenance Socio-technical System

Over the last decades, several important industry changes occurred in the pharmaceuticals system in
OECD countries partly driven from regulatory changes and partly by the adaptation of industry
incumbents to new market conditions (Jacobzone, 2000; Allarakhia and Walsh, 2011). Technologies
and user/patient attitudes are also changing (Tierney et al, 2013). Drug development and clinical trials
became lengthier, costs in the industry increased, new drug patents had a much shorter time of market
exclusivity in the 1990s than in the 1970s, and competition from generic drugs became fiercer as their
market share grew from 22% in 1985 to 67% in 2000 (DiMasi and Paquette, 2004; Grabowksi and
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Kyle, 2007). The average cost of the clinical phases increased fivefold between 1987 and 2000 as the
total amount of time required for a successful drug to reach the market increased from 6.7 years in
the 1970s, to 9.1 years in the mid-1990s (DiMasi, 2001) and more stringent regulations resulted in
declining productivity (Jensen, 1987). These factors lead firms to search for alternatives to R&D
based capability development as the means for creating and sustaining competitive advantage. A
number of firm mergers materialised to secure economies of scale and to gain a larger share of the
market, but also for building a wider R&D portfolio and enter biotechnological research (Cockburn

and Henderson, 2001). From these, we propose the following mechanism:

M7: need to compensate for R&D cost increase —> exploitation of more business opportunities

The Nutrition Socio-technical System

In the late 1990s high publicity cases of substandard production processes raised consumer awareness
about food quality and safety issues (Rohr et al., 2005). Consumer confidence in governments and in
the food and agriculture industries was shaken, and food quality and safety became a concern
(Coppens et al., 2006). Driven by information flows and safety worries, consumers in developed
countries became more demanding and more fragmented in their food choices, thereby driving the
differentiation of food products. As a result of the increased public awareness on food safety issues,
organic production, animal welfare, and the use of genetically modified organisms in food production,
received wide attention (Verbeke, 2005).

At the same time, the improvement of standards of living, the shift in social norms towards having a
‘balanced diet’ and an increasing public interest regarding nutrition and health issues marked a clear
and substantial shift in consumer attitudes towards products that can contribute to this. Nowadays the
consumer’s belief that appropriate nutrition contributes to health is stronger than ever (Silventoinen
et al., 2004). It translates to a need for a sufficiently varied food choice to ensure an adequate intake
of essential nutrients and keeping calorific intake in balance with basic metabolism and physical

activity. This is another socio-biological reason for the emergence of the functional foods.

5.3 Niche Level: The Emergence Of Functional Foods

The emergence of functional foods can be broken down in three phases. In the first phase (1980s),
there were very low landscape pressures, with no interaction among the two ‘parent’ industries.
Functional foods had not yet gained market share. In the second phase (1990s), sales increased and
technology developed further. The strategy of companies also changed and campaigns aiming at

16



raising consumer awareness appeared on the media. In a move to strengthen their market foothold,
companies indirectly promoted their products by gaining support and/or approval by health and other
medical societies and institutions. In the third phase, socio-demographic trends persisted and there
was evidence of intensifying collaboration between the two systems. Sales increased as product
promotion intensified through organising related conferences, and university research and education
becoming ever more involved with incumbent members of the industry. Finally, the third phase was
marked by the food crises in the late 1990s (the cases of BSE and dioxins in fish), which shook

consumer trust in food choices and triggered consumer search on nutrition alternatives.

Regulating information provision and scientific proof for the risks and benefits of functional foods
for consumers is necessary, as the potential risk associated with the product is the most important
factor influencing its selection and use (Cardello et al., 2007). It is also important because their
benefits cannot be experienced directly (Bagchi, 2008) and this can slow down their adoption
(Rogers, 2003). The only way consumers can make an informed choice is by trusting the information
concerning the additional benefit of the functional product (Bech-Larsen and Scholderer, 2007).
Consumer trust in public health officials and scientists (Titchener and Sapp, 2002), in regulatory
institutions (Frewer et al., 2002) and in food producers (Frewer et al., 2003) is an essential factor for

the diffusion of functional foods. From this we propose the following mechanism:

M8: food related regulation and information ~ —>  increase in public trust in food
An important source of information about food quality and safety are the mass media. They can have
both positive and negative impact and influence consumers to include in their diets products with
health benefits (Rohr, 2005). This can create, or intensify, a business opportunity for the food
industry. There are two reinforcing factors driving consumer attitudes towards what they perceive as
more safe and healthy choices: (i) the negative publicity of nutrition cases and (ii) the increasing
discretionary income of consumers which can be used to purchase safer products. From this we

propose the following mechanism:

media information
M9: dissemination about —>
functional foods

drive for diffusion of
functional foods

On the basis of the above discussion, and having in mind mechanisms M1 to M9, it becomes clear
that elements of the two ‘parent’ systems coalesced in response to aggregate pressures and trends, as
well as market failures and demand in order to take advantage of the emerging business opportunity.
Hence, the main explanatory hypothesis becomes that the emergence of functional foods was the
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result of the activation of mechanisms that resulted the development of a business opportunity, their
production and adoption, and the subsequent regulation of the products and production processes.
In the following section, this hypothesis is tested by using a dynamic simulation model that represents
the above mechanisms. Variations of the main mechanism objects (variables), producing different

versions of the hypothesis, are also tested in the context of the retroductive methodology.

6. Modelling and Hypothesis Testing

Drawing on the exposition of the case in the previous section a more concise, detailed hypothesis is
put forward in this section for the emergence of functional foods. Following the MLP perspective,
niche regime and landscape levels are clearly demarcated (Figure 2). The landscape trends and
pressures acting on the two systems, the consumer trends and the way they all interact and result in
the emergence of the new system constitute the dynamic hypothesis depicted in the form of causal
loop diagram (Figure 2). In the particular context, a causal loop diagram represents the mechanisms
and the interactions which produce the events observed or the observed behaviour of specific
variables (objects) that characterise the state of the system. The plus sign is used to indicate that a

variable ceteris paribus has a reinforcing effect on another and a minus indicates a negative effect.

The model represents five driving forces acting on the two systems (shown in bold in Figure 2) that
activate the aforementioned mechanisms. First, new technologies enable novel drug development,
regulations impose strict controls on drug approval, which translates into lengthier clinical trials,
increased development cost and a need to reduce it (Drug_PLC_Cost_Trend). Second, scientific
research through the public discourse and media raises public awareness about the link between diet
and health, and research on functional foods increases consumer trust in them (mechanism M8-9). In
turn, this removes the reservations of individuals to make dietary changes as awareness of the public
on the diet - health link strengthens and the efficacy of functional foods is proven (this has been
aggregated into Scientific_Research). Third, Demographic_Trends in OECD countries, drive health
care cost and subsequently the need to reduce it (mechanism M2). Health awareness initiatives taken
by government promote the link between diet and health, based on research data (mechanism M3),
and further intensify this link by the opportunity seen in treating food (mechanism M4, M5, and M6).
Fourth, the increase in wealth (GDP/Income growth) in developed countries results in people
choosing better and more expensive treatments. Finally, Food Crises reinforces the consumer’s
search for alternative nutritional options (mechanism M1). These drivers eventually result in the
development of functional food system capacity, defined as the
Capability_and_Resources_of the 2 Systems and the niche actors involved in functional food
production.
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Figure 2 Causal loop diagram of the mechanisms for the emergence of functional foods

The hypothesis on the emergence of functional foods was tested by translating the above causal loop
diagram into a system dynamics model making additional assumptions about the boundary of the
system, the drivers that influence the two ‘parent’ systems and their consequences in terms of the
shifts observed in the functional food market size. For instance, instead of modelling in detail the
drivers of health care expenditure to generate endogenously health care cost trends, Health
Care_Cost is an exogenous variable taking values using OECD time series data of average public

expenditure on health care per capita in US$ Purchasing Power Parities (OECD, 2006).

Similarly R&D cost in the pharmaceutical industry was modelled using time series data (DiMasi et
al., 1991; Scherer, 2001; Coveney, 2003) without modelling endogenously the effects of regulation,
investment lags and firm demographics parameters. The effect of scientific outcomes was also
modelled exogenously based on two-time series from 1950 to 2010. One for research on publications
regarding the nutrition health link and the other for functional foods, constructed by online search
using several key word combinations. Assumptions were made about the adoption of functional foods
by consumers (Population_Lifestyle_Change). In the model, population dietary shifts in the model
are not restrained by structural or economic issues (Ashton and Seymour, 1990) while it is also
assumed that demographic dynamics do not influence food availability and supply. Food_Crises
models the effect that cases of substandard food products or production processes had on public

awareness. In the model, this is represented as a single continuous event from 1995 to 2005 and takes
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its maximum intensity of 1 during the years 2000 — 2004. It raises public awareness on personal health
issues and motivates people to be actively informed about nutrition matters and adopt products such
as functional foods.

The main structure of the system dynamics model has four consumer state variables (stocks): Si, Sz,
Ss, and S4. Consumers in S are not aware about the diet-health link. In S, they are aware about the
role of nutrition on their health and in Ss they are willing to make changes in their nutritional habits
actively seeking and evaluating choices. Ss represents only those consumers/patients that use
functional foods. Consequently, there are three transition flows between population states in the
model: in awareness (Ta), in willingness (Tw) and in diet (Tp) towards the use of functional foods.
Equations 1 — 4 below regulate the flow of consumers/patients towards the adoption of functional
foods. A complete list of equations is provided in Appendix A.

Ta is given below:

Ta = (Gl x CSI + FF_marketing + WoMa) x (1 + EoC) (1)

where Gl is the Government_Initiatives aiming to increase public awareness about health. Gls arise
out of the need to contain rising health care costs and inform people about healthy nutrition effects.
CSI (Consumer_Science_Influence) is the influence scientific results have on the behaviour of
consumers. CSI expresses the influence of science on consumer awareness about nutrition due to
dissemination of scientific knowledge in popular science and lifestyle journals. GI and CSI have a
multiplicative effect because governmental initiatives aim at raising public awareness about an issue
by using already established scientific facts. The assumption with the multiplicative formulation is
that their effects are not separable (Sterman, 2000). At the limit without any scientific base,
government initiatives would be vacuous. In principle this is similar to the case where population
birth rate is zero when food per capita is zero irrespective of changes in other conditions. This clearly
cannot be captured with the additive formulation and the multiplicative formulation is required.
FF_Marketing is the effect of functional food marketing on people’s awareness of functional food.
FF_Marketing is a function of the capacity of the functional food system (FF_System_Capacity),
Business_Opportunity and the rate of increase of system capacity. The logic is that FF_Marketing is
at its peak when the product of business opportunity and system capacity increases are at their peak.
WoMa is the word of mouth effect on awareness modelled with the standard formulation of word of
mouth effect (Sterman, 2000). EoC is the implementation of the Effect_of Crises. The change in Tw

is given by:
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Tw = (FF marketing + WoMw) x (1 + EoC) (2)

where WoMy is implemented in a similar manner to WoMa. GI is not present in this equation because
so far government initiatives have succeeded only in raising population awareness about nutrition
issues. Evidence for this, are the rising levels of obesity in most developed countries (Mermel, 2004).

The change in diet (Tp) is given below:

Tp = (PT x WoMp + FF marketing) x Capacity Sufficiency (3)

Again, WoMp is implemented as WoMw and WoMa. FF_marketing is obviously an influence. PT
(Public_Trust_in_novel_foods) is a variable that decreases as a result of food crises limiting the shift
towards the adoption of processed foods, and is reinstated with the increase in regulation and
scientific research. Capacity_Sufficiency is also limiting the inflow of users to the stock S4. The logic
behind this is that when there is little product visibility or supply in the market, it results in lower
market uptake (Rogers, 2003).

The magnitude of Business_Opportunity (BO) (equation 4) increases with Capacity Requirement for
functional foods and the intensity of the Need_to_reduce_drug_R_& D costs relative to a reference
level. It also depends on the existing FF_system_capacity, on the occurrence of Food_Crises and of
course on the ratio of the population that has made the transition from being unaware, to any of the
subsequent states S, — S4. Capacity_Requirement is a weighted average of S, — S user stocks and
represents industry expectations about required capacity for functional foods. It is assumed that the
flow of required resources and capabilities is proportionate to the magnitude of Business_Opportunity
and it is aggregated in rate of FF_system_capacity_increase. RWP (Ratio of Willing Population) is

the ratio (So+S3+S4)/Total population of consumers.

BO = (Capacity Requirement x Need to reduce drug R&D cost / Nominal Need to Reduce Drug
R&D Cost) x (1 + EoC) x RWP / FF system capacity 4)

6.1 Reproduction of the Emergence of Functional Foods — Simulation Experiments

The model is used as a means to illustrate in principle the proposed methodology. There is certainly
some uncertainty over values particular variables take. However, as the main purpose of the paper is
to just discover and justify event-producing mechanisms (causal relations), stochastic approaches to

modeling or Monte Carlo simulation are not necessary. These approaches are more suitable for policy
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making and analysis purposes. Consequently, the number of simulations run aims to explore the
generative hypothesis and assess the effect of the mechanisms it includes. This was done by varying:
(1) the timing of the food crises (Figure 3), (ii) the rate of scientific advances (Figure 4), (iii) industry
expectations on functional food market penetration (Figure 5), (iv) regulation on food products
(Figure 6). The variable observed was the functional foods market share that indicates their degree of
diffusion and the extent of the corresponding niche. The simulation horizon in all the runs was from
1980 to 2040.

In order to test the timing of interactions among two systems, the start of the crises was shifted from
its reference year 1995 to 1985. This drives people earlier in states Sy, Sz, where they were aware and
willing to make dietary changes. Consequently, the functional foods diffusion began earlier than in
the reference scenario that corresponds to the behaviour observed in reality. However, as scientific
advances, regulation and pressures on the two parent systems are not that intense, the business
opportunity is small. Since scientific results and regulation are at an early stage, public trust in
functional foods does not recover swiftly after the crisis, thus resulting in lower market penetration.
Shifting the crisis forward in time to 2005 resulted in a higher market penetration. At that time there
are more scientific results and regulation in place, the diffusion of functional foods had already begun
and the crisis reinforces it. The effect of crisis is also illustrated in a simulation run with no crisis.
This leaves public trust intact but the awareness transition Ta is considerably delayed, delaying market

diffusion.
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Figure 3. The timing of the food crises

The role of scientific progress and its timing was also examined (Figure 4). Obviously, no scientific
advances resulted in no functional food development and zero market shares, while high rates of
scientific progress resulted in corresponding higher functional food market shares. This is because

early knowledge accumulation and subsequent diffusion, leads to early population shift.
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Figure 4. The role of scientific advances

Figure 5 shows the effect of different industry expectations that drive Capacity Requirement on
functional food market share. This variable has a significant impact on market share, provided that
landscape pressures persist. Industry expectations are assumed to drive the investment and resources
flows from the two ‘parent’ regimes and thus the eventual development of the functional food system.
In all three scenarios, the stock of adopters of functional foods Ss is given the higher weight while

the weights of stocks S, Sz are varied, with S, < Sz in every case.

14

12 A

10 A

Market Share %

2 4

0 T T T T T
1980 1990 2000 2010 2020 2030 2040

Figure 5. Industry expectations on functional food market penetration

Testing for the effects of different pace of government health initiatives (GI) did not result in
significant changes in functional food uptake, as it was assumed to have a small effect on changing
dietary habits (Mermel, 2004). On the contrary, regulation did have a significant effect on functional
food diffusion, especially long term (Figure 6). This corresponded to the fact that the lack of a widely
accepted functional food definition and a uniformly regulated environment slowed down functional
food market penetration (Doyon and Labrecue, 2008).
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Figure 6 The effect of regulation in food products

Further tests were carried out. For example, removing the pressure of pharmaceutical R&D costs.
This resulted in weaker diffusion patterns than the reference run, since there were no pressures to
which the pharmaceutical firms ought to respond. Removing the health care cost pressure resulted in

no transition in the awareness of consumers blocking the business opportunity for pharmaceuticals.

Overall, simulation results exhibited a consistent S and saddle pattern (Peres et al., 2010) with some
variability, which was expected. This indicates that the long-term behaviour observed corresponds to
the underlying feedback structure (Figure 2). The reference run resulted in a 2.5% market share in
2010 which corresponds to an estimated 2% global average with 90% of sales in Europe, US and
Japan with European market share being below 1% and US above 3% (Siro et al., 2008). In
conclusion, drawing on the behaviour patterns observed, it is possible to claim that the model includes
the necessary and adequate causes for producing the behaviour detailed in the case and expressed in
the main hypothesis (Figure 2).

7. Conclusions

This paper proposed a retroductive systems methodology for socio-technical systems transitions
research that uses system dynamics modelling in connection with the qualitative case study method
to enhance understanding by introducing quantitative information. The methodology was applied in
a multi (socio-technical) system interaction case. There were two complementary motivations for this
research drawing in part from criticisms to the MLP on socio-technical transitions. The first was to
propose an alternative research methodology for socio-technical systems transition research suitable

for handling the epistemological complexity of multi system interaction cases.

Adopting a systems perspective focusing on the interactions among the drivers of change, and critical

realism as the underpinning philosophy of science, we proposed retroduction as the inference mode
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for the identification of the causes that create specific transitions. Retroduction was employed for
considering and evaluating many possible explanations based on the partial subjective understanding
of the micro-structures of reality considered as responsible for the macro-events (transitions)
observed. We argued that after consolidating these partial understandings in a plausible narrative it
was necessary to adopt a systems perspective for capturing the dynamic nature of the micro-structures
(underlying mechanisms) the narrative implies, and for evaluating through computer simulation their

validity as generators of the transition observed.

The second motivation for the paper was to investigate a multi-system transition case since there are
only a few cases have been published so far (Geels, 2007b; Raven, 2007a; Raven and Verbong, 2007)
and none involves simulation modelling. The case and model presented in the paper are
fundamentally multi system. System interactions and the mutual contribution of capabilities from the
pharmaceuticals and the food systems, which fulfil distinct, non-interchangeable social needs, led to
the development of the functional foods niche. The food system fulfils the need of human nutrition,
the pharmaceuticals that of medicine discovery and supply, and the functional foods the emerging
need for proactive/health enhancing and curing nutrition. That is, this leads to a transition pathway
which is not included in the existing MLP transition typology: two systems (or more) interact under
the landscape and internal pressures they face, they continue to coexist (nutrition/food and
pharmaceuticals-based health maintenance) while a third one emerges (functional foods), without

them decaying or disappearing.

The case of functional foods differs from previous multi system cases because the food and
pharmaceutical systems fulfil functions that are not interchangeable as in the case of heat and power
generation (Raven and Verbong, 2007) or the case of the emergence of rock’n’roll (Geels, 2007b).
The functional foods case resembles the case of coevolution of the electricity and waste system
coevolution in the Netherlands (Raven, 2007a). However, this does not result in the emergence of a
new system or regime, as there is no new regulation about a new product or technology. Regulation
rather drives the symbiotic relationship between the two existing regimes towards integration. Indeed,
multi utility companies evolved and encompassed waste processing and energy related activities. In

broad terms, the product stream of the waste regime was diverted to the electricity generation regime.

The paper makes a solid step towards the study of multi-system transitions by proposing a
methodology and illustrating its use. The adoption of a holistic perspective and the integration of a
modelling and simulation in a pluralistic methodology is a way to address the complexity of multi

system transition processes. Case study development along with a retroductive employment of
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modelling and simulation can contribute to the shift from researching single system/technology
transitions to multi system/technology transitions. Such a methodology increases confidence in the
factors and ways that drive multi system transitions. Hence, the paper is a step towards coping
methodologically with sustainability transitions that often concern multi system interactions, and as
such, is important for the future agenda of transition studies. Since transition research is a relatively
new area, it is hoped that this paper will contribute to development of better theory and a more
consistent, rigorous and hence powerful methodological directions in transition studies. Future
research could look into the conditions under which multi regime interactions lead to emergence of

convergence between systems as documented in the literature already.
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