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Systems Thinking and Complexity  
in Transitions Research

Understanding System Dynamics, Feedback Loops  

and Non-linear Change

Floor Alkemade and George Papachristos

26.1  Introduction

Sustainability transitions research focuses on understanding and fostering funda-
mental change processes in our human systems and making our societies more sus-
tainable. It is urgent that these system transitions need to increase in scope, scale 
and speed, as highlighted by the IPCC’s 2018 Special Report on limiting warming 
to 1.5°C (de Coninck et al., 2018). Interventions in our human systems intended to 
bring about the necessary transitions have to come from a systems-based view that 
accounts for interactions within and across systems (Andersen and Geels, 2023; 
Köhler et al., 2019; Papachristos et al., 2013). While the sustainability transitions 
field has developed its own theoretical frameworks and related approaches, such 
as the multi-level perspective (MLP, see Chapter 2) and technological innovation 
systems (TIS, see Chapter 4), it has also benefited significantly from insights drawn 
from complexity science and systems thinking. This chapter examines how com-
plexity science and systems thinking approaches can enhance our understanding of 
sustainability transitions. These approaches are particularly valuable because they 
provide frameworks and tools for the analysis of interactions, feedback loops and 
emergent behaviours that characterise transition processes.

This chapter provides a cursory review of how the sustainability transitions 
literature builds on other systems-oriented approaches, specifically complex sys-
tems approaches and system dynamics. It outlines their link to the main theoretical 
sustainability transitions approaches and describes the extent to which insights 
from different systems approaches have been applied and have informed transition 
research. The chapter first explores how systems thinking has informed our con-
ceptualisation of socio-technical systems and innovation systems. We then exam-
ine how complexity science and system dynamics approaches help us understand 
transition dynamics, particularly through concepts like path dependence, feedback 
loops and emergent behaviour. Finally, we discuss and illustrate through specific 
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case studies the practical application of these approaches in transition research 
and policymaking. For early career researchers, this chapter provides conceptual 
tools for transitions analysis through systems thinking. By understanding systems 
approaches, researchers can better grasp how different elements of transitions 
interact and how these interactions influence transition processes.

The unit of analysis in transitions research is the socio-technical system and 
the way it undergoes fundamental change towards a more sustainable direc-
tion. Transitions literature builds on insights from systems science, science and 
technology studies (Bijker, 1997; Bijker et al., 2012) and evolutionary econom-
ics (Nelson and Winter, 1982), as well as frameworks such as Large Technical 
Systems (Hughes, 1993). In systems science (Boulding, 1956; Forrester, 1968; 
Von Bertalanffy, 1968), a system is conceptualised as consisting of diverse and 
interacting elements that adhere to a set of rules and form part of system mech-
anisms that serve a particular function. The interdependence of system elements 
leads to understanding socio-technical systems as complex adaptive systems 
(Miller and Page, 2007), where system behaviour emerges out of system elements 
interactions and the operation of several mechanisms.

In line with this systems-based view, a socio-technical system is defined as the 
actors, technologies and infrastructures that provide key societal functions like 
energy or mobility provision as well as the formal and informal institutions that 
govern their interaction (Geels, 2002). A defining characteristic of socio-technical 
systems is the high degree of interdependence between their components and 
groups of actors, which develop and evolve over time through multiple feedback 
processes (Geels, 2005; Smith et al., 2010). The strong interdependence of all 
system elements requires a high level of coordination and alignment between them 
to enable the system to function. This has two implications. First, the tight coor-
dination and alignment between elements make the system resistant to change. 
Second, a high level of interdependence between actors, technologies, infrastruc-
tures and institutions makes understanding systems difficult by looking at the 
behaviour of individual elements, for example, actors or technologies. The impli-
cation is that system change is difficult even when change is desirable and urgent. 
This is a notion that transition research takes into account in theory development 
and case analysis, as discussed in Section 26.2.

26.2  Researching System Interactions and Transitions

Understanding how socio-technical systems change requires examining the 
complex interactions and feedback mechanisms and understanding how they can 
either drive or inhibit transitions (Geels, 2022; Papachristos, 2014; 2018; 2019; 
Sorrell, 2018). This is the aim of two established frameworks for transitions 
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482	 26  Systems Thinking and Complexity

research discussed in the following paragraphs. This section then focuses on 
how different types of interactions can shape transition dynamics and non-linear 
system behaviour.

26.2.1  Theoretical Frameworks for Understanding System Change

Two prominent theoretical frameworks that have been widely applied to the study 
of transition processes are the MLP and TIS (Köhler et al., 2019). The first frame-
work applied to the study of transitions is the TIS, which offers a complemen-
tary perspective. A TIS includes the actors and institutions that together aim to 
stimulate the development and diffusion of a certain sustainable innovation, typi-
cally a technology. Here studies focus on the structure and functions of the system 
and the presence of relevant actors. Seven important system functions have been 
identified in the literature: entrepreneurial activities, knowledge development and 
knowledge diffusion, guidance of the search, market formation, resource mobili-
sation and creating legitimacy (Hekkert et al., 2007; Negro et al., 2012). In early 
TIS studies, these systems were typically analysed within a specific geographi-
cal context. The approach has led to useful insights in what went well and what 
went wrong in specific case studies and especially important in the context of this 
chapter, the approach has also led to the identification of typical interaction pat-
terns, labelled motors of innovation that drive the development of a TIS (Walrave 
and Raven, 2016). The approach has been criticised for not explicitly taking into 
account contextual factors that arise outside the boundaries of the TIS, something 
of particular relevance when key developments are international. In this respect, 
it is necessary to discern conceptually whether the focal unit of analysis concerns 
local or global innovation systems (Binz and Truffer, 2017). For policymakers that 
seek to strengthen local innovative capacity, such distinctions between local and 
global innovation systems are key (Li et al., 2020; van den Berge et al., 2020).

The second framework is the MLP (Geels and Schot, 2007, see also Chapter 2), 
which is used to study system transitions by focusing on the interactions between 
the regime that represents the incumbent system and the niche where novel 
alternatives to the current system are developed and nurtured. Because of the 
path dependence and inertia present in socio-technical systems, typically pres-
sure from within the system (a loss of legitimacy or changing preferences) or 
exogenous shocks (the oil crisis) are necessary for system change. The MLP has 
received critique on several theoretical and methodological issues (Genus and 
Coles, 2008) and it has been refined as a result in later publications (Geels, 2011; 
Geels et al., 2016).

Transitions in the MLP framework come about when there is a shift in the 
balance of self-reinforcing loops that drive change in a system and destabilise it, 
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and those drive it towards stability and a lock-in state. The system is destabilised 
through interactions of developments that take place at three levels (Geels and 
Schot, 2007): (1) innovations that may develop in system internal niches through 
learning processes, price/performance improvements and support from powerful 
groups or come from external niches through speciation (Papachristos et al., 2024), 
(2) pressures that events may generate or trends at the landscape level that act on the 
regime (economic, cultural, demographic and other), (3) internal regime tensions 
that can accumulate and create windows of opportunity for innovations in niches 
and (4) external influence from other systems, regimes or niches (Papachristos 
et al., 2013). A transition can then accelerate when the alignment of visions and 
activities of different actor groups in the system acts to further strengthen the feed-
back loops that drive change in the system. The transition is finally completed 
when the social and technical aspects of novel innovations become embedded in 
the new socio-technical system.

The complex systems literature offers detailed theoretical models of transitions 
or fundamental changes in system behaviour; such changes can often be quite 
rapid and irreversible (Scheffer, 2009; Scheffer et al., 2017). Non-linear dynamics 
are also at the core of innovation studies and transitions studies, but the different 
types of interactions and feedbacks are typically studied qualitatively and in iso-
lation (Chilvers et al., 2021; Edmondson et al., 2019; Gillard et al., 2016; Roberts 
et al., 2018; Rosenbloom et al., 2019). In short, the transitions literature is rife 
with suggestions on how non-linear interactions and their timing matter, and it 
provides detailed empirical insights on the effects of such interactions on individ-
ual socio-technical transitions. These qualitative studies were followed by more 
quantitative studies that systematically mapped these interactions and feedbacks 
(Papachristos and Adamides, 2016; Papachristos, 2018).

Sustainability transitions are increasingly studied through qualitative and quan-
titative approaches to the different types of interactions that link socio-technical 
transitions in different domains and on different scales through concepts such 
as multi-scalarity, functional and structural couplings (Binz and Truffer, 2017; 
Miörner and Binz, 2021). For example, Walrave and Raven (2016) develop a sim-
ulation model based on the seven functions of the TIS framework (Bergek et al., 
2008; Hekkert et al., 2007). They investigate how TIS emerge or decline in the con-
text of the four socio-technical transition pathways stipulated in the MLP (Geels 
and Schot, 2007). Walrave and Raven (2016) identify through a series of tests the 
tipping point for the eventual emergence and self-sustaining dynamics or decline 
of a TIS. The tipping point is crossed when the self-reinforcing mechanisms of the 
TIS are no longer counteracted sufficiently by the regime’s resistance to change. 
The result is the emergence of a self-sustaining niche market. In contrast, if this 
point is not reached, the TIS will decline and disappear.
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484	 26  Systems Thinking and Complexity

26.2.2  System Interactions and Feedback Loops

The study of interactions between technologies and the feedback loops that form 
around them is important as they are directly linked to the pace of transitions. 
Several of the feedbacks that underlie transitions have been widely studied and 
have been quantified to some extent also in different literatures, including inno-
vation sciences and energy science. The main self-reinforcing feedback for many 
modular energy technologies, especially in wind and solar energy generation, is 
cost reduction and performance improvement through economies of learning and 
economies of scale, leading to more deployment and, in turn, to more learning 
(Kavlak et al., 2018; Nemet and Greene, 2022; Sharpe and Lenton, 2021). For 
example, the German feed-in tariff for renewables is frequently mentioned as an 
enabling condition for this feedback (Otto et al., 2020). The cost reductions in 
renewable generation technologies like wind energy and solar photovoltaics (PV) 
have been massive and took place much faster than predicted. As a result, renew-
ables are now among the cheapest energy generation options (IEA, 2022, IRENA 
2022, Haegel et al., 2019).

The cost-performance feedback loop is not the only self-reinforcing feedback 
that drives system change and the development dynamics for wind and solar 
(Alkemade et al., 2024). For instance, there is a proximity effect in the diffusion 
of rooftop solar PV whereby its adoption by people is more likely in areas where 
there are other adopters in proximity (Graziano and Gillingham, 2014; van der 
Kam et al., 2018). This suggests that diffusion is partly a social process influenced 
by, for example, observability, trialability and word-of-mouth (Rogers, 1983). 
Moreover, markets are still expanding as performance improvements make the 
technology attractive to a wider range of users. As a result of these technological 
improvements and cost reductions, renewable energy generation is increasingly 
possible in locations where wind or sun conditions are less favourable or where 
installation is more difficult and costly. The increasing attention to floating solar 
illustrates this point. In addition, another positive feedback loop stems from pol-
icy interactions, whereby policy creates legitimacy and new interests, leading to 
increased lobbying and support for policy (Meckling et al., 2017; Roberts et al., 
2018; Rosenbloom et al., 2019; Sewerin et al., 2020). The reason why so much 
attention is devoted to self-reinforcing feedback loop is that they generate system 
path dependence that makes system change more difficult.

26.2.3  Path Dependence of Systems in Transition

The path dependence of socio-technical systems sits at the core of the transitions 
research program, and it traces its origin to evolutionary economics, as is the 
case with several other key ideas (Geels, 2020). Path dependence is considered 
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instrumental in shaping transition processes and related efforts of system change, 
under both the MLP and TIS frameworks. Path dependence is a mechanism in tran-
sition processes that connects the past and the future at the macro level of institu-
tions, at the meso level of technology and governance modes and at the micro level 
of organisational resources and capabilities (Vergne and Durand, 2010). Thus, it 
is instrumental for transitions research because it essentially concerns processes of 
system lock-in and change, for example, the lock-in of socio-technical systems in 
fossil fuel-based technologies (Unruh, 2000).

Path dependence occurs when small changes in events become reinforced and 
lead to very different system-level outcomes and to very different system states 
termed lock-ins that persist in time (Arthur, 1989; Garud and Karnøe, 2001). The 
sources of path dependence in transitions include increasing returns to scale and 
learning (Arthur, 1989; Levitt and March, 1988; Levinthal and March, 1993). Path 
dependence arises also in systems from sunk costs in existing infrastructure and 
technologies, which create significant financial and material increasing returns to 
scale and thus barriers to system change. These investments are often of substan-
tial economic value and reflect commitment on the part of incumbent actors to a 
particular course of action, which tends to shape the organisational structure of the 
system and makes other technology alternatives less attractive. It thus shapes also 
the physical structure of the system over the long term. Thus, a state of lock-in 
arises out of the interactions of actors, technologies and infrastructures that oper-
ate as parts of powerful self-reinforcing mechanisms and effectively ‘select out’ 
in a progressive manner any alternative technologies or courses of action (Klitkou  
et al., 2015; Onufrey and Bergek, 2015; Seto et al., 2016).

Path dependence has been studied and observed in many past transitions, but the 
study of contemporary transitions quite often focuses on a single transition pathway 
and ways to create new ones away from lock-in and toward sustainability (Köhler  
et al., 2019). For example, transitions in large technical systems such as transport 
and energy are characterised by path dependence (Dangerman and Schellnhuber, 
2013; Klitkou et al., 2015). In general, change in path-dependent systems away 
from a state of lock-in is difficult because of self-reinforcing mechanisms of 
increasing returns to adoption (Vergne and Durand, 2010). Processes of increasing 
returns to adoption can quickly lead a system to an inefficient pathway, and the 
idea is best illustrated in literature with the canonical examples of QWERTY and 
DVORAK keyboards (David, 1985; Liebowitz and Margolis, 1990), and VHS vs. 
Betamax (Arthur, 1989; Cusumano et al., 1992). Thus, the notion that markets 
‘know best’ and leaving path-dependent systems to their own devices is not nearly 
enough to achieve real change in our current mobility patterns.

For example, the source of balancing feedbacks that oppose system change 
and reinforce the path dependence of fossil fuel-based energy systems are energy 

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009437318.034
Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 16 Nov 2026 at 08:45:13, subject to the Cambridge Core terms of

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009437318.034
https://www.cambridge.org/core


486	 26  Systems Thinking and Complexity

infrastructures, technologies and institutions (Hughes, 1987; Köhler et al., 2019). 
Energy infrastructures are typically built for a lifespan of around 40 years, and 
changing these infrastructures takes place on the timescale of months to years. 
Once built, they contribute to stabilising the system state and are a source of path 
dependence and lock-in. These can directly hinder change and the decarbonisation 
of the energy system through existing standards and resistance from incumbents 
and vested interests. The availability of cheap energy indirectly stimulates demand 
for energy-intensive goods and services. Similarly, the high return on fossil fuel 
investments and the assessment of renewables as risky make it difficult to move 
capital from fossil fuels to renewables (Pauw et al., 2022). In addition, social 
dynamics can also create balancing feedbacks when they mobilise opposition and 
a lack of societal support for larger-scale solar and wind parks (Devine-Wright, 
2011; Klok et al., 2023; Windemer, 2023). In this respect, a complication arises in 
that change in the behaviour of system actors can be quite swift and frequent, but 
other parts of it such as infrastructure are slower to change. It is thereby important 
to realise that different feedback loops work on different timescales.

A way to counter the lock-in tendency of path-dependent processes and effect 
real change is the introduction of more diversity in a system, technological and/
or otherwise, which can potentially set in motion new mechanisms of increas-
ing returns to scale (Papachristos, 2017). In transitions research, this is done in 
niches that are shielded from market forces (Smith and Raven, 2012) or through 
recombination of knowledge (Kogut and Zander, 1992) and technologies (van den 
Bergh, 2008), or through the speciation of new technologies from one domain of 
application into another, potentially followed by new firm entry (Levinthal, 1998; 
Papachristos et al., 2024), or multi-system interactions (Papachristos et al., 2013).

All of these types of system interventions constitute, in effect, parts of a transfor-
mation process because they bring about a change in the diversity of system options 
that are available to shape its future trajectory. They can succeed to the extent that 
they bring about a change in the ensemble of feedbacks that drive change and those 
that oppose it so that the operation of self-reinforcing mechanisms in the aggregate 
favours the success of system interventions. It follows that a key policy challenge 
is attending to and modulating the balance between the feedbacks that drive change 
and those that oppose it. In this respect, the MLP emphasises how niche innovations 
can challenge system stability, and TIS focuses on developing functional innova-
tion systems, both frameworks point to a critical policy challenge: how to promote 
sustainable alternatives without leading the system into new lock-ins. These are key 
concerns for policymakers that seek to advance new, more sustainable alternatives.

A specific concern for policymaking that is insufficiently addressed relates to 
competition and choice between different technological options. While mission-​
oriented and effectiveness-oriented policy approaches increasingly allow for 
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policies that are not technology neutral, this also raises concerns about creating 
the conditions for new lock-ins (Meckling et al., 2017) instead of having and 
maintaining sufficient diversity in a system (Van den Bergh, 2008). Technology 
assessment traditionally focuses on comparing the desirability of alternative tech-
nological options. Under this perspective, the transition path to be followed in the 
future is dictated by the technological alternative that is preferable at present.

This approach to technological transitions faces two problems. First, the future 
performance of systems that are developed and centred around alternative tech-
nological options remains uncertain. Initial transition steps early on a particular 
path may cut off alternative paths due to the path dependence and the irreversible 
nature of technological development (Arthur, 1989; Cowan, 1990; David, 1985). 
However, such alternative paths may turn out to be more desirable at a future 
moment in time, when new information becomes available, but at that juncture it 
will be difficult to re-orient the system into a new transition path. Second, societal 
preferences may change during a transition process (Pinch and Bijker, 1984) and 
induce a reversal of the transition process that will waste time and resources.

26.3  Examples of Application of Complexity  
and System Dynamics Approaches

26.3.1  Complex Systems Approach to Transitions

A complex systems approach to transitions can be of particular relevance as the 
core metaphor it offers is that of a system in a transition pathway and its need to 
adapt continuously. In evolutionary terms, the fitness of the system has to be main-
tained at high levels through continuous adaptation, in effect steering the system 
in a fitness landscape. This is an entry point to conceptualise policy design as a 
process of search and evaluation of a range of technological options. Toward this, 
Alkemade et al. (2009) used a complex systems approach for technology assess-
ment based on the concept of rugged fitness landscapes (Kauffman, 1993), which 
takes into account the path dependence and irreversibility that is inherent to tech-
nological transitions.

Complex technological systems contain several interdependent subsystems 
that function in a coherent manner (Hughes, 1993; Rosenberg, 1969; Silverberg 
and Verspagen, 2005; Simon, 1969; Vincenti, 1990). Interdependencies between 
subsystems render the performance or fitness of the overall system dependent on 
the specific combination of the subsystems. All possible combinations form the 
state space or design space of the technological system. The combinatorial logic of 
assembling systems from subsystems implies that the number of possible designs 
that can be assembled from only a small set of subsystems is large. For example, 
a system with only ten elements, each of which can be designed in two ways, has 
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a design space of 210 = 1,024 possible designs. Depicting technological change as 
a search process within a design space captures the idea that future technological 
systems can be represented as combinations of known subsystems. Empirical stud-
ies of technological change have shown that many innovations indeed occurred 
through the combination of existing subsystem technologies (Frenken, 2006). 
Complex systems theory provides us with models to study the effects of interde-
pendencies among subsystems on combinatorial search processes.

Complex technological systems are characterised by rugged fitness landscapes 
with local optima reflecting compromises between conflicting constraints. In 
this framework, flexibility can be defined in two ways. First, initial transition 
steps should be robust in the case of changing evidence regarding the ‘fitness’  
(performance) of alternative technological options. Changing evidence can be 
dealt with by maximising the number of local optima that can still be reached 
after an initial transition step and by maximising the number of possible paths 
toward each local optimum after an initial transition step has been taken. Second, 
initial transition steps should be robust to changing preferences to avoid a rever-
sal of the transition process. Changing preferences can be dealt with by pursuing 
an initial transition step that yields an improvement regarding all preferences 
(Pareto improvement).

26.3.2  System Dynamics Modelling of Transitions

System dynamics is another systems approach for the study of interdependence of 
system elements in contemporary transitions research (Holtz et al., 2015; Köhler 
et al., 2018; Papachristos, 2019; Papachristos and Struben, 2019; Sterman, 2000). 
Contemporary transitions to sustainability differ from historical ones in that pro-
cesses of growth and increasing carbon intensity cannot be allowed to continue 
unfettered, in contrast to what happened in cases of historical transitions (Fouquet 
and Pearson, 2012; Papachristos, 2014). Thus, the study of contemporary tran-
sitions requires an endogenous perspective to identify those drivers of feedback 
loops that offer the best leverage for system reorientation toward a desirable future 
direction. System dynamics offers precisely this endogenous perspective as the 
basis of inquiry (Papachristos, 2012, 2019; Richardson, 2011). The knowledge 
of these leverage points can be used to anticipate and change system transitions 
trajectories, avoid niche lock-in to unsustainable developments or unlock existing 
regimes (Smith et al., 2010). System trajectories can be purposefully steered when 
this knowledge is applied to raise the aggregate intensity of the feedback loops 
that drive the transition process over the intensity of the loops that tend to keep the 
system in its current state (Papachristos, 2011, 2014; Papachristos and Adamides, 
2016; Papachristos and van de Kaa, 2018). This is a threshold that consists of 
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many separate institutional, market and societal tipping points. Their number and 
idiosyncratic characteristics make the transition process seem incremental.

26.4  Conclusions and Future Research Directions

While insights from complexity science on path dependence and uncertainty 
have been embraced by historical studies of transitions, this is much less so for 
future-oriented studies. Especially TIS approaches often operate with an implicit 
assumption that the system under study is desirable and should be stimulated. The 
approaches outlined in this chapter offer well-tested methods to incorporate some of 
the complexity arising from interactions between systems in our analyses. The sys-
tems approaches discussed in this chapter create opportunities for better connection 
with other communities investigating transition pathways. For example, in climate 
science, where modelling approaches are much more common, these methods can 
help bridge different analytical traditions. This integration is particularly valuable 
as transitions research increasingly engages with urgent climate challenges. It also 
makes it easier to connect to other communities that investigate transition pathways 
such as climate science where modelling approaches are much more common.

A crucial methodological challenge in transitions research is connecting models 
that operate on very different timescales and aggregation levels in a meaningful 
way. Current approaches often struggle to integrate analyses of short-term dynam-
ics (such as policy implementation or market responses) with longer-term evolu-
tionary processes (like infrastructure development or institutional change). This 
challenge becomes particularly pertinent in studies of structural coupling, systems 
coupling, tipping dynamics and phase-out processes, where changes at different 
scales interact in complex ways. For example, while system dynamics models can 
capture feedback loops within specific subsystems, they often struggle to incor-
porate broader institutional changes that emerge from MLP analyses. Similarly, 
agent-based models that excel at representing individual actor behaviours may not 
adequately capture slower-moving landscape developments.

To address these challenges, promising methodological developments are 
emerging at the intersection of different modelling approaches. Hybrid model-
ling frameworks that combine qualitative case studies with quantitative simu-
lation models offer one pathway forward. Another promising direction is the 
development of multi-scale modelling architectures that can maintain consistency 
across different levels of analysis while allowing for appropriate methodological 
approaches at each level. These developments could help bridge the gap between 
detailed technological transition pathways and broader socio-technical system 
change, particularly in areas like energy system transformation where changes 
in infrastructure, behaviour and institutions need to be analysed simultaneously. 
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490	 26  Systems Thinking and Complexity

Such methodological advances would be particularly valuable for studying how 
different transition processes might interact and potentially accelerate or hinder 
each other, an understanding that is crucial for steering sustainability transitions.

The development of more sophisticated methodological approaches to study 
sustainability transitions through a systems lens is not merely an academic exer-
cise – it is essential for understanding and steering the complex societal changes 
that are necessary to address our urgent sustainability challenges. The combination 
of insights from complexity science, system dynamics and transitions research and 
the development of new tools that bridge different analytical scales and approaches, 
will place us in a better position to understand and influence the profound systems 
changes that sustainability transitions require.

References
Alkemade, F., Frenken, K., Hekkert, M. P., Schwoon, M. 2009. A complex systems meth-

odology to transition management. Journal of Evolutionary Economics 19(4), 527–543.
Alkemade, F., de Bruin, B., El-Feiaz, A., Pasimeni, F., Niamir, L., & Wade, R. 2024. 

Social tipping dynamics in the energy system. Earth System Dynamics, 15(2), 485–500.
Andersen, A. D., Geels, F. W. 2023. Multi-system dynamics and the speed of net-zero 

transitions: Identifying causal processes related to technologies, actors, and institutions. 
Energy Research & Social Science 102, 103178.

Arthur, W. B. 1989. Competing technologies, increasing returns, and lock-in by historical 
events. Economic Journal 99(394), 116–131.

Bergek, A., Jacobsson, S., Carlsson, B., Lindmark, S., Rickne, A. 2008. Analyzing the 
functional dynamics of technological innovation systems: A scheme of analysis. 
Research Policy 37(3), 407–429.

Bijker, W. 1997. Of Bicycles, Bakelites, and Bulbs: Toward a Theory of Sociotechnical 
Change. Cambridge, MA: MIT Press.

Bijker, W., Hughes, T., Pinch, T. 2012. The Social Construction of Technical Systems: New 
Directions in the Sociology and History of Technology. Cambridge, MA: MIT Press.

Binz, C., Truffer, B. 2017. Global innovation systems – A conceptual framework for inno-
vation dynamics in transnational contexts. Research Policy 46(7), 1284–1298.

Boulding, K. E. 1956. General systems theory – The skeleton of science. Management 
Science 2(3), 197–208.

Chilvers, J., Bellamy, R., Pallett, H., Hargreaves, T. 2021. A systemic approach to map-
ping participation with low-carbon energy transitions. Nature Energy 6(3), 250–259.

Cowan, R. 1990. Nuclear power reactors: A study in technological lock-in. Journal of 
Economic History 50(3), 541–567.

Cusumano, M. A., Mylonadis, Y., Rosenbloom, R. S. 1992. Strategic maneuvering and 
mass-market dynamics: The triumph of VHS over Beta. Business History Review 66(1), 
51–94.

Dangerman, A. T. C. J., Schellnhuber, H. J. 2013. Energy systems transformation. 
Proceedings of the National Academy of Sciences 110(7), E549–E558.

David, P. A. 1985. Clio and the economics of QWERTY. American Economic Review 
75(2), 332–337.

Devine-Wright, P. 2011. Public engagement with large-scale renewable energy technolo-
gies: Breaking the cycle of NIMBYism. WIREs Climate Change 2(1), 19–26.

De Coninck, H., Revi, A., Babiker, M., Bertoldi, P., Buckeridge, M., Cartwright, A., Dong, 
W., Ford, J., Fuss, S., Hourcade, J.-C., Ley, D., Mechler, R., Newman, P., Revokatova, 

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009437318.034
Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 16 Nov 2026 at 08:45:13, subject to the Cambridge Core terms of

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009437318.034
https://www.cambridge.org/core


	 26.4  Conclusions and Future Research Directions	 491

A., Schultz, S., Steg, L., Sugiyama, T., Araos, M., Bakker, S., Bazaz, A., et al. (2018). 
Chapter 4: Strengthening and implementing the global response. In: Global Warming 
of 1.5 °C: An IPCC Special Report on the Impacts of Global Warming of 1.5 °C above 
Pre-industrial Levels and Related Global Greenhouse Gas Emission Pathways, in 
the Context of Strengthening the Global Response to the Threat of Climate Change. 
Intergovernmental Panel on Climate Change.

Edmondson, D. L., Kern, F., Rogge, K. S. 2019. The co-evolution of policy mixes and 
socio-technical systems: Towards a conceptual framework of policy mix feedback in 
sustainability transitions. Research Policy 48(10), 103555.

Forrester, J. W. 1968. Principles of Systems. Cambridge, MA: Productivity Press.
Fouquet, R., Pearson, P. J. G. 2012. Past and prospective energy transitions: Insights from 

history. Energy Policy 50, 1–7.
Geels, F. W. (2005). Technological transitions and system innovations: a co-evolutionary 

and socio-technical analysis. In Technological Transitions and System Innovations. 
Edward Elgar Publishing.

Frenken, K. 2006. Technological innovation and complexity theory. Economics of 
Innovation and New Technology 15(2), 137–155.

Garud, R., Karnøe, P. 2001. Path Dependence and Creation. New York: Taylor & Francis.
Geels, F. W. 2002. Technological transitions as evolutionary reconfiguration processes: A 

multi-level perspective and case study. Research Policy 31(8–9), 1257–1274.
Geels, F. W. 2011. The multi-level perspective on sustainability transitions: Responses to 

seen criticisms. Environmental Innovation and Societal Transitions 1(1), 24–40.
Geels, F. W. 2020. Micro-foundations of the multi-level perspective on socio-technical 

transitions: Developing a multi-dimensional model of agency through crossovers 
between social constructivism, evolutionary economics and neo-institutional theory. 
Technological Forecasting and Social Change 152(119894).

Geels, F. W. 2022. Causality and explanation in socio-technical transitions research: 
Mobilising epistemological insights from the wider social sciences. Research Policy 
51(6), 104537.

Geels, F. W., Schot, J. 2007. Typology of sociotechnical transition pathways. Research 
Policy 36(3), 399–417.

Geels, F. W., Kern, F., Clark, W. C. 2023. Sustainability transitions in consumption-​production 
systems. Proceedings of the National Academy of Sciences 120(47), e2310070120.

Geels, F. W., Kern, F., Fuchs, G., Hinderer, N., Kungl, G., Mylan, J., Neukirch, M., 
Wassermann, S. 2016. The enactment of socio-technical transition pathways: A refor-
mulated typology and a comparative multi-level analysis of the German and UK 
low-carbon electricity transitions (1990–2014). Research Policy 45(4), 896–913.

Genus, A., Coles, A. M. 2008. Rethinking the multi-level perspective of technological 
transitions. Research Policy 37, 1436–1445.

Gillard, R., Gouldson, A., Paavola, J., Van Alstine, J. 2016. Transformational responses to 
climate change: Beyond a systems perspective of social change in mitigation and adap-
tation. WIREs Climate Change 7(2), 251–265.

Graziano, M., Gillingham, K. 2014. Spatial patterns of solar photovoltaic system adoption: 
The influence of neighbors and the built environment. Journal of Economic Geography 
15(4), 815–839.

Haegel, N. M., Atwater, H., Barnes, T., Breyer, C., Burrell, A., Chiang, Y.-M., De Wolf, 
S., Dimmler, B., Feldman, D., Glunz, S., Goldschmidt, J. C., Hochschild, D., Inzunza, 
R., Kaizuka, I., Kroposki, B., Kurtz, S., Leu, S., Margolis, R., Matsubara, K., Metz, A., 
Metzger, W. K., Morjaria, M., Niki, S., Nowak, S., Peters, I. M., Philipps, S., Reindl, 
T., Richter, A., Rose, D., Sakurai, K., Schlatmann, R., Shikano, M., Sinke, W., Sinton, 
R., Stanbery, B. J., Topic, M., Tumas, W., Ueda, Y., van de Lagemaat, J., Verlinden, P., 

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009437318.034
Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 16 Nov 2026 at 08:45:13, subject to the Cambridge Core terms of

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009437318.034
https://www.cambridge.org/core


492	 26  Systems Thinking and Complexity

Vetter, M., Warren, E., Werner, M., Yamaguchi, M., Bett, A. W. 2019. Terawatt-scale 
photovoltaics: Transform global energy. Science 364(6443), 836–838.

Hekkert, M. P., Suurs, R. A. A., Negro, S. O., Kuhlman, S., Smits, R. E. H. M. 2007. 
Functions of innovation systems: A new approach for analysing technological change. 
Technological Forecasting and Social Change 74(4), 413–432.

Holtz, G., Alkemade, F., De Haan, F., Köhler, J., Trutnevyte, E., Luthe, T., Halbe, J., 
Papachristos, G., Chappin, E., Kwakkel, J., Ruutu, S. 2015. Prospects of modelling soci-
etal transitions: Position paper of an emerging community. Environmental Innovation 
and Societal Transitions 17, 41–58.

Hughes, T. P. 1987. The evolution of large technological systems, In: Bijker, W. E., 
Hughes, T. P., Pinch, T. (Eds.), The Social Construction of Technological Systems. 
Cambridge, MA: MIT Press, pp. 45–76.

Hughes, T. P. 1993. Networks of Power: Electrification in Western Society, 1880–1930. 
Baltimore: John Hopkins University Press.

International Energy Agency (IEA) 2022. World Energy Outlook 2022. www.iea.org/
reports/world-energy-outlook-2022

International Renewable Energy Agency (IRENA) 2022. Tracking SDG 7: The Energy 
Progress Report 2022. www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/
Jun/SDG7_Tracking_Progress_2022.pdf

Kauffman, S. A. 1993. The Origins of Order: Self-Organization and Selection in Eevolution. 
Oxford: Oxford University Press.

Kavlak, G., McNerney, J., Trancik, J. E. 2018. Evaluating the causes of cost reduction in 
photovoltaic modules. Energy Policy 123, 700–710.

Klitkou, A., Bolwig, S., Hansen, T., Wessberg, N. 2015. The role of lock-in mechanisms 
in transition processes: The case of energy for road transport. Environmental Innovation 
and Societal Transitions 16, 22–37.

Klok, C. W., Kirkels, A. F., Alkemade, F. 2023. Impacts, procedural processes, and local 
context: Rethinking the social acceptance of wind energy projects in the Netherlands. 
Energy Research & Social Science 99, 103044.

Kogut, B., Zander, U. 1992. Knowledge of the firm, combinative capabilities, and the rep-
lication of technology. Organization Science 3(3), 383–397.

Köhler, J., De Haan, F., Holtz, G., Kubeczko, K., Moallemi, E., Papachristos, G., Chappin, 
E. 2018. Modelling sustainability transitions: An assessment of approaches and chal-
lenges. Journal of Artificial Societies and Social Simulation 21(1), 8.

Köhler, J., Geels, F. W., Kern, F., Markard, J., Wieczorek, A., Alkemade, F., Avelino, F., 
Bergek, A., Boons, F., Fünfschilling, L., Hess, D., Holtz, G., Hyysalo, S., Jenkins, K., 
Kivimaa, P., Martiskainen, M., McMeekin, A., Mühlemeier, M. S., Nykvist, B., Onsongo, 
A., Pel, B., Raven, R., Rohracher, H., Sandén, B., Schot, J., Sovacool, B., Turnheim, B., 
Welch, D., Wells, P. 2019. An agenda for sustainability transitions research: State of the 
art and future directions. Environmental Innovation and Societal Transitions 31, 1–32.

Levinthal, D. A. 1998. The slow pace of rapid technological change: Gradualism and punc-
tuation in technological change. Industrial and Corporate Change 7(2), 217–246.

Levinthal, D. A., March, J. G. 1993. The myopia of learning. Strategic Management 
Journal 14(S2), 95–112.

Levitt, B., March, J. G. 1988. Organizational learning. Annual Review of Sociology 14, 
319–340.

Li, D., Heimeriks, G., Alkemade, F. 2020. The emergence of renewable energy technol-
ogies at country level: Relatedness, international knowledge spillovers and domestic 
energy markets. Industry and Innovation 27(9), 991–1013.

Liebowitz, S. J., Margolis, S. E. 1990. The fable of the keys. Journal of Law and Economics 
33(1), 1–25.

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009437318.034
Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 16 Nov 2026 at 08:45:13, subject to the Cambridge Core terms of

http://www.iea.org/reports/world-energy-outlook-2022
http://www.iea.org/reports/world-energy-outlook-2022
http://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/Jun/SDG7_Tracking_Progress_2022.pdf
http://www.irena.org/-/media/Files/IRENA/Agency/Publication/2022/Jun/SDG7_Tracking_Progress_2022.pdf
https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009437318.034
https://www.cambridge.org/core


	 26.4  Conclusions and Future Research Directions	 493

Meckling, J., Sterner, T., Wagner, G. 2017. Policy sequencing toward decarbonization. 
Nature Energy 2(12), 918–922.

Mercure, J.-F., Sharpe, S., Vinuales, J. E., Ives, M., Grubb, M., Lam, A., Drummond, P., 
Pollitt, H., Knobloch, F., Nijsse, F. J. M. M. 2021. Risk-opportunity analysis for trans-
formative policy design and appraisal. Global Environmental Change 70, 102359.

Miller, J. H., Page, S. 2007. Complex Adaptive Systems. Princeton: Princeton University Press.
Miörner, J., Binz, C. 2021. Towards a multi-scalar perspective on transition trajectories. 

Environmental Innovation and Societal Transitions 40, 172–188.
Negro, S. O., Alkemade, F., Hekkert, M. P. 2012. Why does renewable energy diffuse so 

slowly? A review of innovation system problems. Renewable and Sustainable Energy 
Reviews 16(6), 3836–3846.

Nelson, R. R., Winter, S. G. 1982. An Evolutionary Theory of Economic Change. 
Cambridge, MA: Belknap Press of Harvard University Press.

Nemet, G., Greene, J. 2022. Innovation in Low-energy Demand and Its Implications for 
Policy. Oxford: Oxford Open Energy, p. 1.

Onufrey, K., Bergek, A. 2015. Self-reinforcing mechanisms in a multi-technology indus-
try: Understanding sustained technological variety in a context of path dependency. 
Industry and Innovation 22(6), 523–551.

Otto, I. M., Donges, J. F., Cremades, R., Bhowmik, A., Hewitt, R. J., Lucht, W., Rockström, 
J., Allerberger, F., McCaffrey, M., Doe, S. S. P., Lenferna, A., Morán, N., van Vuuren, 
D. P., Schellnhuber, H. J. 2020. Social tipping dynamics for stabilizing Earth’s climate 
by 2050. Proceedings of the National Academy of Sciences 117(5), 2354–2365.

Papachristos, G. 2011. A system dynamics model of socio-technical regime transitions. 
Environmental Innovation and Societal Transitions 1(2), 202–233.

Papachristos, G. 2012. Case study and system dynamics research: Complementarities, plu-
ralism and evolutionary theory development, 30th international conference of the sys-
tem dynamics society, St Gallen, Switzerland Online Proceedings.

Papachristos, G. 2014. Towards multi-system sociotechnical transitions: Why simulate. 
Technology Analysis & Strategic Management 26(9), 1037–1055.

Papachristos, G. 2017. Diversity in technology competition. The link between platforms 
and sociotechnical transitions. Renewable and Sustainable Energy Reviews 73, 291–306.

Papachristos, G. 2018. A mechanism based transition research methodology: Bridging 
analytical approaches. Futures 98, 57–71.

Papachristos, G. 2019. System dynamics modelling and simulation for sociotechnical tran-
sitions research. Environmental Innovation and Societal Transitions 31, 248–261.

Papachristos, G., Adamides, E. 2016. A retroductive systems-based methodology for 
socio-technical transitions research. Technological Forecasting and Social Change  
108, 1–14.

Papachristos, G., Struben, J. 2019. System dynamics methodology and research: 
Opportunities for transitions research, In: Moallemi, E. M., De Haan, F. J. (Eds.), 
Modelling Transitions: Virtues, Vices, Visions of the Future. London: Routledge, pp. 
119–138.

Papachristos, G., van de Kaa, G. 2018. Understanding platform competition through simula-
tion: A research outline. Technology Analysis & Strategic Management 30(12), 1409–1421.

Papachristos, G., Papadonikolaki, E., Morgan, B. 2024. Projects as a speciation and 
aggregation mechanism in transitions: Bridging project management and transitions 
research in the digitalization of UK architecture, engineering, and construction industry. 
Technovation 132, 102967.

Papachristos, G., Sofianos, A., Adamides, E. 2013. System interactions in socio-technical 
transitions: Extending the multi-level perspective. Environmental Innovation and 
Societal Transitions 7, 53–69.

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009437318.034
Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 16 Nov 2026 at 08:45:13, subject to the Cambridge Core terms of

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009437318.034
https://www.cambridge.org/core


494	 26  Systems Thinking and Complexity

Pauw, W. P., Moslener, U., Zamarioli, L. H., Amerasinghe, N., Atela, J., Affana, J. P. B., 
Buchner, B., Klein, R. J. T., Mbeva, K. L., Puri, J., Roberts, J. T., Shawoo, Z., Watson, 
C., Weikmans, R. 2022. Post-2025 climate finance target: How much more and how 
much better? Climate Policy 22(9–10), 1241–1251.

Pinch, T. J., Bijker, W. E. 1984. The social construction of facts and artefacts: Or how the 
sociology of science and the sociology of technology might benefit each other. Social 
Studies of Science 14(3), 399–441.

Richardson, G. P. 2011. Reflections on the foundations of system dynamics. System 
Dynamics Review 27(3), 219–243.

Roberts, C., Geels, F. W., Lockwood, M., Newell, P., Schmitz, H., Turnheim, B., Jordan, 
A. 2018. The politics of accelerating low-carbon transitions: Towards a new research 
agenda. Energy Research & Social Science 44, 304–311.

Rogers, E. M. 1983. Diffusion of Innovations. 3rd ed. New York: Free Press.
Rosenberg, N. 1969. The direction of technological change: Inducement mechanisms and 

focusing devices. Economic Development and Cultural Change 18(1), 1–24.
Rosenbloom, D., Meadowcroft, J., Cashore, B. 2019. Stability and climate policy? 

Harnessing insights on path dependence, policy feedback, and transition pathways. 
Energy Research & Social Science 50, 168–178.

Scheffer, M. 2009. Critical Transitions in Nature and Society. Princeton: Princeton 
University Press.

Scheffer, M., van Bavel, B., van de Leemput, I. A., van Nes, E. H. 2017. Inequality in nature 
and society. Proceedings of the National Academy of Sciences 114(50), 13154–13157.

Seto, K. C., Davis, S. J., Mitchell, R. B., Stokes, E. C., Unruh, G., Ürge-Vorsatz, D. 2016. 
Carbon lock-In: Types, causes, and policy implications. Annual Review of Environment 
and Resources 41(1), 425–452.

Sewerin, S., Béland, D., Cashore, B. 2020. Designing policy for the long term: Agency, 
policy feedback and policy change. Policy Sciences 53(2), 243–252.

Sharpe, S., Lenton, T. M. 2021. Upward-scaling tipping cascades to meet climate goals: 
Plausible grounds for hope. Climate Policy 21(4), 421–433.

Silverberg, G., Verspagen, B. 2005. A percolation model of innovation in complex tech-
nology spaces. Journal of Economic Dynamics and Control 29(1), 225–244.

Simon, H. A. 1969. The Sciences of the Artificial. MIT Press.
Smith, A., Raven, R. 2012. What is protective space? Reconsidering niches in transitions 

to sustainability. Research Policy 41(6), 1025–1036.
Smith, A., Voss, J.-P., Grin, J. 2010. Innovation studies and sustainability transitions: 

The allure of the multi-level perspective and its challenges. Research Policy 39(4), 
435–448.

Sorrell, S. 2018. Explaining sociotechnical transitions: A critical realist perspective. 
Research Policy 47(7), 1267–1282.

Sterman, J. D. 2000. Business Dynamics: Systems Thinking and Modelling for a Complex 
World. New York: McGraw-Hill.

Unruh, G. C. 2000. Understanding carbon lock-in. Energy Policy 28(12), 817–830.
van den Berge, M., Weterings, A., Alkemade, F. 2020. Do existing regional specialisa-

tions stimulate or hinder diversification into cleantech? Environmental Innovation and 
Societal Transitions 35, 185–201.

van den Bergh, J. C. J. M. 2008. Optimal diversity: Increasing returns versus recombinant 
innovation. Journal of Economic Behavior & Organization 68(3), 565–580.

van der Kam, M. J., Meelen, A. A. H., van Sark, W. G. J. H. M., Alkemade, F. 2018. 
Diffusion of solar photovoltaic systems and electric vehicles among Dutch consum-
ers: Implications for the energy transition. Energy Research & Social Science 46, 
68–85.

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009437318.034
Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 16 Nov 2026 at 08:45:13, subject to the Cambridge Core terms of

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009437318.034
https://www.cambridge.org/core


	 26.4  Conclusions and Future Research Directions	 495

Vergne, J. P., Durand, R. 2010. The missing link between the theory and empirics of path 
dependence: Conceptual clarification, testability issue, and methodological implica-
tions. Journal of Management Studies 47(4), 736–759.

Vincenti, W. G. 1990. What Engineers Know and How They Know Iit. Baltimore: Johns 
Hopkins University Press.

Von Bertalanffy, L. 1968. General System Theory: Foundations, Development, 
Applications. New York: George Braziller.

Walrave, B., Raven, R. 2016. Modelling the dynamics of technological innovation sys-
tems. Research Policy 45(9), 1833–1844.

Windemer, R. 2023. Acceptance should not be assumed. How the dynamics of social 
acceptance changes over time, impacting onshore wind repowering. Energy Policy 173, 
113363.

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009437318.034
Downloaded from https://www.cambridge.org/core. UNIVERSIDAD AUTONOMA METROPOLITANA, on 16 Nov 2026 at 08:45:13, subject to the Cambridge Core terms of

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009437318.034
https://www.cambridge.org/core

