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Abstract
This paper explores the novel connection between qualitative system dynamics and sustainability transitions research. As 
the urgency for sustainable solutions intensifies, this interdisciplinary combination offers a promising avenue for addressing 
complex sustainability challenges. We reflect on recent research projects to establish the value of combining the two fields. We 
delve into the methodological and theoretical synergies, using examples to illustrate how the two fields can mutually benefit 
from each other. We find that qualitative system dynamics complements other sustainability transitions research approaches 
by encouraging (a) more inductive research that results in a broader system boundary than traditional sustainability transi-
tions research frameworks and (b) higher endogeneity, which leads to a better appreciation of the feedback mechanisms 
that determine whether transitions succeed or not. This leads to an explicit reflection on assumptions that otherwise might 
remain hidden, and more explicit conceptualizations of the feedback mechanisms driving and hindering sustainability tran-
sitions and recommendations on navigating seemingly opposing interests that diminish when seeing the whole system. We 
also propose how future research can contribute to further cross-fertilization between the two fields, including the need for 
explicit positioning in terms of starting points, considering different philosophical paradigms, exploring combinations with 
other analytical approaches to foster change, and increasing reflection on the part of researchers, particularly in participative 
modes. We argue that the fusion of qualitative system dynamics with sustainability transitions research can significantly 
enhance our understanding and ability to manage complex sustainability issues, substantially contributing to both academic 
discourse and practical applications in sustainability transitions.

Keywords  Sustainability transitions · Qualitative system dynamics · Systems approaches · Feedback mechanisms · 
Endogenous view

Abbreviations
CLD	� Causal loop diagram
MLP	� Multilevel perspective

TIS	� Technological innovation system
QSD	� Qualitative system dynamics

Introduction

Addressing current challenges, such as climate change, bio-
diversity loss, and poverty, requires a substantial change in 
all facets of our society and economy. All our systems need 
to change, from industry, housing, and mobility to electric-
ity and agriculture. With the increasing urgency of these 
challenges, a new field of research has emerged that is now 
known under the label "sustainability transitions research” 
(Loorbach et al. 2017; Köhler et al. 2019). Although the field 
is very diverse, a main commonality shared by all scholars 
is that they consider sustainability to be a matter not just of 
individual technologies and innovation but also of how those 
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technologies co-evolve with cultural, behavioral and other 
social aspects in broader socio-technical systems (Markard 
et al. 2012). Scholars in this field argue that the required 
system-level changes are to be achieved through fundamen-
tal transformation processes or transitions (Markard et al. 
2012; van den Bergh et al. 2011). They strive to make sense 
of the dynamics of these transitions by starting from describ-
ing empirical cases, treating human behavior as a complex 
object of study, and going beyond traditional models of 
humans as rational actors (Geels et al. 2016), often ending 
with policy recommendations to augment transitional pro-
cesses. According to the field of sustainability transitions 
research, the required transitions are complex because they 
involve various interdependent actors and are influenced by 
nonlinear interactions between technical and social elements 
at multiple levels. The conceptual models and frameworks 
to understand sustainability transitions acknowledge this 
dynamic complexity and have been considerably developed 
(Bergek et al. 2007; Geels 2002; Kemp et al. 2007; Rotmans 
et al. 2001).

System dynamics is a methodology developed to under-
stand and manage complex systems through the modelling 
and simulation of causal structures and feedback mecha-
nisms (Sterman 2000), and qualitative system dynamics uses 
the same feedback thinking and diagrams but then without 
computer simulation. System dynamics is suitable for under-
standing the multiple and interacting dynamic processes in 
sustainability transitions research (Moallemi et al. 2017a, 
b; Papachristos 2018, 2019). However, the combination of 
qualitative system dynamics and sustainability transitions 
research is still nascent. Several studies have connected 
system dynamics to the field of transitions modeling (e.g., 
Halbe et al. 2020; Holtz et al. 2015; Köhler et al. 2018; Lev-
enton et al. 2021; Moallemi and de Haan 2019; Papachristos 
2018, 2019; Purvis et al. 2022), and transition frameworks 
(e.g., Papachristos 2011; Walrave and Raven 2016; Yücel 
and Chiong Meza 2008). However, these studies often either 
focus on quantitative system dynamics that revolves around 
computer simulation or they do not distinguish between 
qualitative and quantitative system dynamics, resulting in 
an underappreciation of links between sustainability transi-
tions research and qualitative system dynamics. There is a 
vast debate on the value and limitations of computer simula-
tion modelling for sustainability transitions research, includ-
ing system dynamics simulation, and how it complements, 
integrates, and interacts with other approaches (Geels et al. 
2016; Holtz 2011; Köhler et al. 2018; McDowall et al. 2017; 
Moallemi et al. 2017a, b, 2021; Moallemi and Malekpour 
2018; Papachristos 2011, 2014, 2018, 2019; Trutnevyte et al. 
2014; Turnheim et al. 2015). Our study is different in that we 
strictly focus on qualitative applications of system dynamics, 
which hitherto has remained a gap in the literature. Through 
filling this gap, we contribute to a closer connection between 

qualitative system dynamics and sustainability transitions 
research to help future qualitative system dynamicists study-
ing sustainability transitions navigate challenges and oppor-
tunities. We build on experiences of several cases where we 
applied qualitative system dynamics in the context of sus-
tainability transitions (Awan 2020; de Gooyert et al. 2024; 
Janipour et al. 2022; Gonella 2021; Gonella and de Gooy-
ert 2024; Gürsan and de Gooyert 2021; Gürsan et al. 2024; 
Janipour et al. 2021; Swennenhuis et al. 2024).

The article is organized as follows. We first provide a 
background on sustainability transitions research and quali-
tative system dynamics. Then, we present a section discuss-
ing the benefits of combining qualitative system dynamics 
and sustainability transitions research, followed by a con-
clusion that summarizes the main benefits in Table 1. This 
is followed by a discussion linking our findings to broader 
debates, limitations, and future avenues for further cross-
fertilization between qualitative system dynamics and sus-
tainability transitions research.

Background sustainability transitions 
research and qualitative system dynamics

Before we embark on the connection between sustainability 
transitions research and qualitative system dynamics, we first 
provide background on both below.

Sustainability transitions research

Over the last half-century, sustainability transitions have 
become an influential paradigm for describing and study-
ing past transitions, and projecting and examining possi-
ble future scenarios (Markard et al. 2012; van den Bergh 
et  al. 2011). Today, the world is facing sustainability 
challenges in various domains. For example, the current 
energy system is unsustainable due to increased green-
house gas emissions, air pollution, energy poverty, short-
age of natural resources, and uncertainties over energy 
security in the short- and long-run. Supply systems, such 
as the energy sector, can be conceptualized as socio-tech-
nical systems consisting of networks of actors, institutions, 
materials, and knowledge. To supply services to society, 
different interrelated components of the system interact 
and co-evolve with institutions (Markard et al. 2012). To 
deal with sustainability challenges, a fundamental shift in 
the existing socio-technical systems needs to occur. Such 
transition requires substantial changes in society's techno-
logical, organizational, political, institutional, economic, 
and socio-cultural dimensions (Geels and Schot 2010). 
The complexity and versatility of sustainability transi-
tions require the involvement of stakeholders (Leal Filho 
and Londero Brandli 2016), who may not share the same 
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understanding of the problem definition and subsequent 
sets of actions to create sustainable socio-technical sys-
tems that do not exist yet.

Historically, sustainability transitions research emerged 
as an interdisciplinary subject both empirically and intel-
lectually. On a pragmatic level, it connects the worlds of 
science and policy to address grand societal problems that 
are "unstructured" (Loorbach et al. 2017), ​​"wicked" (Hazard 
et al. 2020), "tangled" (van Assche et al. 2022) and "messy" 
(Kivimaa et al. 2021). On an intellectual level, it can be 
traced back to the two significant clusters of innovation 
research (including science and technology studies, his-
tory of technology, evolutionary economics, and innovation 
policy) and environmental studies (including environmental 
assessment, integrated assessment, sustainability govern-
ance, and environmental policy (Arthur 2016; Kemp 1994; 
O’Riordan 2001; Rip and Kemp 1998; Rotmans 1998; van 
Asselt and Rotmans 1996; van den Bergh and Gowdy 2000). 
Thus, sustainability transitions research got its footing from 

the need to study the dynamics of grand societal challenges 
and to steer the formulation of systemic solutions for them.

Two main approaches to studying sustainability transi-
tions are the Multilevel Perspective (MLP) and the Techno-
logical Innovation System (TIS) approach. The MLP analy-
ses reality from three levels: regime, niches, and landscape 
(Geels 2002, 2006; Geels and Schot 2007). Transitions in the 
MLP are characterized by the destabilization of the socio-
technical regime via interactions at all three levels (Geels 
and Schot 2007). These could be the innovations happening 
at the niche level, e.g., new technologies or new ways of 
working, the pressures applied by events at the landscape 
level, e.g., war or internal tensions in the regime that create 
the window of opportunity for the niche to emerge, e.g., 
changing preferences of actors towards fossil-fuels. Simi-
larly, another dominant approach in transition studies is the 
Technological Innovation Systems (TIS), where the focus is 
on the generation, diffusion, and utilization of new technolo-
gies or new fields of knowledge (Bergek 2002; Bergek et al. 

Table 1   Contributions from qualitative system dynamics to sustainability transitions research and vice versa

Benefits of combining qualitative system dynamics and sustainability transitions research

Description Consequence

Broader system boundary Qualitative system dynamics encourages a 
more inductive approach, resulting in a broader system boundary than 
traditional sustainability transitions research frameworks. It starts with 
the problem at hand and maps all relevant variables

The more inductive and holistic approach allows for including vari-
ables from multiple disciplines, avoiding a narrow focus on one or a 
few theoretical domains. Such a broader perspective allows a more 
in-depth exploration of the problem space, uncovering interdepend-
encies and feedback loops that may not be immediately apparent. 
This enables a more comprehensive understanding of the complex 
and interdisciplinary nature of sustainability transitions. This also 
helps uncover the interdependencies between stakeholders, which 
results in a better appreciation of how each stakeholder group is 
both enabled and restricted by its context, avoiding the pitfall of 
overemphasizing the agency of certain stakeholders while underes-
timating others. This balanced perspective helps address conflicting 
interests and find alignment among stakeholders, facilitating col-
laboration and consensus-building

Higher degree of endogeneity Qualitative system dynamics encourages a 
higher degree of endogeneity compared to more traditional sustainabil-
ity transitions research frameworks

Encouraging endogeneity leads to a better appreciation of feedback 
mechanisms and related systemic effects of technologies and poli-
cies. The focus on explicitly drawing causal relationships helps 
challenge assumptions that might otherwise remain hidden. This can 
help researchers and stakeholders comprehend the sources of policy 
resistance and identify leverage points for interventions that support 
sustainability transitions

Integration of frameworks and theories Sustainability transitions 
research has a rich collection of frameworks and theories to which 
applications of qualitative system dynamics can connect

Building on earlier sustainability transitions research frameworks and 
theories and iterating between primary qualitative system dynamics 
data and secondary sustainability transitions research data helps to 
increase the theoretical generalizability of results and recommenda-
tions. Qualitative system dynamics provides visual representations, 
such as causal loop diagrams, to communicate and visualize such 
frameworks and theories, enhancing understanding and commu-
nication of causal mechanisms responsible for the (non)evolution 
of the systems, thus enabling stakeholders to identify sources of 
policy resistance and design effective interventions. Connecting 
applications of qualitative system dynamics with other sustainability 
transitions studies helps to contribute to a broader accumulation of 
knowledge
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2007; Hekkert et al. 2007; Suurs and Hekkert 2012). The 
generation, diffusion, and utilization of emerging technol-
ogy in a TIS are determined by the existing system structure 
(static elements) and its innovation functions or 'motors of 
innovation' (dynamic elements) (Suurs and Hekkert 2012). A 
TIS might be contained within a sector (where the analysis is 
focused on a specific innovative technology, e.g., solar PV) 
or cross-sectoral (where the focus is on an entire technologi-
cal field, e.g., renewable energy technologies). Transitions 
are accelerated when the visions and activities of different 
actor groups align within the system, and they are completed 
when the existing system (existing TIS) is replaced by the 
emerging TIS (Bergek et al. 2007).

Qualitative system dynamics

System dynamics is a broad approach that combines various 
elements, namely feedback thinking, structure, levels and 
rates, modeling and simulation, and policy design (System 
Dynamics Society n.d.). However, not all applications of 
system dynamics haven an equal emphasis on all elements 
of system dynamics (de Gooyert and Größler 2018). Indeed, 
some studies focus on the feedback thinking, structure, and 
policy aspects of system dynamics and do not include com-
puter simulation in any way. In this article, we use the term 
qualitative system dynamics to refer to system dynamics 
without simulation: the adoption of all elements typically 
associated with system dynamics, except for computer simu-
lation. Such studies typically use system dynamics tools like 
causal loop diagrams and/or stock and flow diagrams but 
do not provide equations and simulation runs, for example, 
because the study is more aimed at exploring and mapping 
the structure of complex issues and causal relationships 
between main variables and fostering shared problem defi-
nitions and a shared language to allow coordinated action 
across stakeholders, rather than prioritizing policies per se. 
Some applications of qualitative system dynamics include 
the participation of groups of stakeholders and/or experts, 
for example, using group model building (Vennix 1996), 
but for us, qualitative system dynamics does not necessarily 
include groups and can also rely for example on other pri-
mary qualitative data (interviews), or secondary qualitative 
data (any text including scientific articles, gray literature, 
reports, minutes of meetings, and so on).

Other terms can also refer to what we mean by qualitative 
system dynamics, including labels like “systems thinking” 
and “soft operational research” (Forrester 1994). However, 
we prefer using qualitative system dynamics because those 
other terms are broader and include elements not typically 
adopted in system dynamics. Hence, using those other terms 
would dilute the importance of feedback thinking, structure, 
and policy aspects that we find so important in the studies 
where we apply qualitative system dynamics. Earlier studies 

have already discussed how qualitative and quantitative sys-
tem dynamics complement each other and how each has dis-
tinct characteristics and contributions (Coyle 2000; Forrester 
1994; Richardson 2011; Richmond 1994; Wolstenholme 
1999). In line with those articles, we acknowledge that quali-
tative system dynamics has limitations, as does quantitative 
system dynamics or any other research approach. If based 
on intuition alone, causal loop diagrams and stock and flow 
diagrams can very well lead to misleading takeaways, and 
it is clear that system behavior cannot be inferred from any 
but the simplest qualitative models (Forrester 1994). How-
ever, computer simulations can be misleading as well and 
give a false sense of accuracy, for example, if the quantita-
tive data used in those simulations is not of high quality 
and the interpretation of those numbers can be misleading 
if the definitions used when collecting data oversimplify the 
rich complexity of concepts that constitute the problem at 
hand. We conclude from those earlier studies that different 
approaches all have their strengths and weaknesses. Our aim 
in this article is to discuss the value of adopting qualitative 
system dynamics in the context of sustainability transitions 
research.

Benefits of combining qualitative system 
dynamics and sustainability transitions 
research

Based on our experiences in recent research projects (Awan 
2020; de Gooyert et al. 2024; Janipour et al. 2022; Gonella 
2021; Gonella and de Gooyert 2024; Gürsan and de Gooyert 
2021; Gürsan et al. 2024; Janipour et al. 2021; Swennenhuis 
et al. 2024), we see three main benefits of combining qualita-
tive system dynamics and sustainability transitions research: 
adopting qualitative system dynamics encourages broaden-
ing the system boundary compared to more traditional sus-
tainability transitions research, it encourages a higher degree 
of endogeneity and sustainability transitions research offers 
a rich collection of frameworks and theories that qualitative 
system dynamics can draw from. Below, we elaborate on 
these benefits using illustrations from our research, and we 
discuss the implications of these differences for research and 
policy recommendations.

Qualitative system dynamics encourages a broader 
system boundary

We find that qualitative system dynamics encourages adopt-
ing a broader system boundary compared with most sus-
tainability transitions research, leading to more holistic 
approaches. Sustainability transitions research is typically 
organized around theoretical domains, including political 
science, geography, business administration, and so on 
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(Luederitz et al. 2017; Köhler et al. 2019). Although sus-
tainability transitions research is inherently interdisciplinary, 
the strong emphasis on theoretical advancements often leads 
to a focus that is confined to a small number of disciplines 
or that emphasizes one central discipline with other disci-
plines playing only a peripheral role, e.g., focusing on poli-
tics (Avelino et al. 2016), geography (Truffer et al. 2015), or 
business administration (Loorbach and Wijsman 2013). Sus-
tainability transitions research strongly emphasizes theoreti-
cal contributions, requiring researchers to be very clear on 
the discipline to which they contribute. This is understand-
able from the way that academia is organized, with research 
institutes, journals, and careers primarily organized around 
disciplines, but this also led to critical reflections that sus-
tainability transitions research should adopt more holistic, 
integrated perspectives to better fit the messy and interdis-
ciplinary nature of sustainability transitions (Andersen et al. 
2020; Luederitz et al. 2017; Rosenbloom 2020).

Qualitative system dynamics typically starts from a 
central problem variable, a reference mode of behavior of 
that problem, continued by mapping all relevant variables 
to understand the behavior of that problem (Vennix 1996). 
This encourages those applying the method to not confine 
themselves to variables associated with a certain discipline. 
This holds for researchers when qualitative system dynamics 
is applied in a non-participatory mode and for participants 
when applied in a participative mode (Moallemi et al. 2021; 
Moallemi and Malekpour 2018). It resembles a best prac-
tice amongst system dynamicists that in the community is 
considered of the highest importance when it comes to sys-
tem conceptualization: “approach system conceptualization 
creatively, from different perspectives” (Martinez-Moyano 
and Richardson 2013, p. 112). This characteristic of qualita-
tive system dynamics makes the approach more inductive: 
the analysis starts from the problem and works its way up. 
Although sustainability transitions research often shares the 
ambition to inductively start from empirical cases to then 
involve the disciplines that the case requires, the focus on 
theoretical advancements sometimes leads studies to start 
from a theoretical body of knowledge, using a problem 
as a case to further advance knowledge in that theoretical 
domain. Although qualitative system dynamics can also be 
applied in a purely deductive fashion (de Gooyert 2019), 
and sustainability transitions research can also be applied in 
an inductive or retroductive fashion (McDowall and Geels 
2017; Papachristos and Adamides 2016), the way that quali-
tative system dynamics projects are typically organized in 
general leads to more holistic and integrated results. We see 
this back in our research projects, where results typically 
are not associated with a single or a primary discipline. For 
example, de Gooyert et al. (2016) study the progress of the 
Dutch energy transition and connect technological diffusion 
with financial, social, economic, and policy aspects; Gonella 

and de Gooyert (2024) study sustainability in the chemi-
cal industry and include social, economic, and ecological 
aspects of sustainability, and Janipour et al. (2021) study 
the sustainability transition of industrial clusters and cover 
economic, legal, social, and policy aspects.

The inductive nature of qualitative system dynamics is 
relevant because it has substantial implications for results 
and recommendations. The more holistic approaches lead 
to a better appreciation of how stakeholders are enabled and 
restricted by their context. Starting sustainability transitions 
research from a primary discipline may assume the perspec-
tive of one type of stakeholder. For example, approaching 
sustainability transition from a business administration 
perspective leads to recommendations on what businesses 
can do differently to foster sustainability transitions, and 
that approach typically treats what other stakeholders do 
(e.g., governments, citizens) more or less as a given. This 
has the pitfall of overestimating the agency (the extent to 
which stakeholders have space to influence sustainability 
transitions) of the central stakeholder and underestimating 
the agency of other stakeholders, which led to a critique of 
sustainability transitions research of suffering from discur-
sive fixation (Pesch 2015). Below, we provide an illustra-
tion from our research (Janipour et al. 2022) to elucidate 
how qualitative system dynamics leads to a more balanced 
approach where each stakeholder is understood as being both 
enabled and restricted by its context, i.e., each stakeholder 
having some but limited space to influence sustainability 
transitions [see for a positioning of system dynamics in the 
structure agency continuum Lane (2001a, b) as well as de 
Gooyert et al. (2016)].

In Fig. 1, we illustrate the above with an example based 
on Janipour et al. (2022) and Swennenhuis et al. (2024). In 
those studies, the authors show how sustainability transitions 
can be hindered by the mutual interdependence of govern-
ment, industry, and society. Industry is restricted because it 
can only continue to exist if they commit to investments with 
a positive business case: investing in sustainable technol-
ogy must be profitable for the industry to survive. Whether 
investments in sustainable technology are profitable can be 
enabled by supportive policies or regulations. This suggests 
that governments have the potential and agency to facili-
tate sustainability transitions by imposing the required poli-
cies. However, governments are restricted because they can 
only enforce policies and regulations that require support 
from society. Without support, policies lack legitimacy, and 
committing to such policies would mean political suicide, 
elected officials would not be re-elected, and policies would 
be reversed in the next election cycle. This puts the agency 
in the hands of society, which determines whether there is 
support for policies or not. However, this societal support for 
policies supporting industry to invest in sustainable technol-
ogy is, in turn, influenced by industry: past industry behavior 
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determines whether society is willing to provide it with the 
social license to operate. Paradoxically, investing in sustain-
able technology, which requires societal support, is one cru-
cial way by which industry can foster the societal support 
necessary for the policies that enable these investments. The 
interactions between these stakeholder groups form a feed-
back loop that reinforces the dominant sentiment. This may 
form a chicken-and-egg situation or a gridlock trap, where 
the agency is diffused amongst actors. The mutual dependen-
cies make each individual actor both restricted and enabled 
to act. Qualitative system dynamics encourages research to 
continue to explore how each actor is enabled and restricted 
by others, which helps to avoid the pitfall of ascribing too 
much or too little agency to actors, as is sometimes seen in 
other approaches in sustainability transitions research (Pesch 
2015).

In addition, we find that adopting a more holistic 
approach with qualitative system dynamics leads to a better 
appreciation of how stakeholders' interests are not only con-
flicting but also aligned. Sustainability transitions research 
typically emphasizes conflicting interests, conceptualizing 
transitions as a buildup of activities by new actors and a 
consequent breakdown of activities by actors that used to be 
dominant (Loorbach et al. 2017). Sustainability transitions 
research has its roots, amongst others, in evolutionary eco-
nomics, which emphasizes the struggle for survival between 
actors and processes of actors replacing each other through 
creative destruction (Loorbach et al. 2017). In contrast, the 
inductive nature of qualitative system dynamics, resulting 
in more holistic analyses, shows how competing actors may 
have aligned interests. For example, Janipour et al. (2021) 
describe two contrasting narratives about carbon capture and 
storage. Opponents argue that carbon is too risky, while pro-
ponents plead socio-economic and climate benefits. Using 
qualitative system dynamics, we find an alternative narrative 
possible: carefully regulated carbon capture and storage can 

maximize socio-economic and climate benefits while mini-
mizing carbon lock-in. Qualitative system dynamics helps 
by making the interactions between stakeholders and the 
conflicting interests of multiple stakeholder groups explicit 
and combining them in a holistic perspective beyond that 
of individual interests. If stakeholder group interests are 
aligned, their efforts contribute to a common goal of sus-
tainability instead of working against each other and block-
ing necessary elements of the transition. Qualitative system 
dynamics, particularly when combined with participative 
modeling techniques, helps collect and address the different 
viewpoints of stakeholders around a sustainability challenge 
and helps acknowledge the interrelated nature of their stakes. 
This enables finding consensus on the workings of the sys-
tem, even when opposing stakeholders do not have similar 
goals. This also translates to an improved shared understand-
ing of the problem, creating a platform for stakeholder col-
laboration to find longer-term solutions.

Qualitative system dynamics encourages a higher 
degree of endogeneity

We find that qualitative system dynamics encourages adopt-
ing an endogenous point of view. As discussed above, sus-
tainability transitions research is typically organized around 
theoretical domains, including political science, geography, 
business administration, and so on (Köhler et al. 2019). This 
typically leads to distinctions between independent and 
dependent variables: factor A influences factor B, with A 
being the independent variable and B being the dependent 
variable. For example, how do other factors influence politi-
cal factors, or how do political factors shape other factors. 
This has led to the critique that sustainability transitions 
research does not always appreciate the complexity inher-
ent in transitions (Alkemade and de Coninck 2021). Quali-
tative system dynamics puts a central focus on feedback 

Fig. 1   Example of a stakeholder interdependence in a sustainability transition, based on Janipour et al. (2022) and Swennenhuis et al. (2024)
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mechanisms; for each situation where factor A influences 
factor B, the system mapping procedure urges you to also 
consider whether there is also a path through which factor 
B influences factor A again. Especially building causal loop 
diagrams is known to encourage an endogenous perspective, 
with feedback mechanisms as the unit of focus (Martinez-
Moyano and Richardson 2013, p. 118). More generally, map-
ping variables in diagrams makes it visually very clear when 
a variable has only arrows going out of the variable and no 
variables coming in, raising the question: are we omitting 
any factors influencing this variable that has yet no arrows 
coming in? This process typically leads to “endogenizing” 
to a higher degree compared with sustainability transitions 
research and is seen as the foundation of system dynamics 
(Richardson 2011, p. 219).

The higher degree of endogeneity is relevant because it 
shifts the focus to feedback mechanisms, and understand-
ing these feedback mechanisms is crucial for understand-
ing and influencing the behavior of sustainability transi-
tions. The appreciation of feedback loops results from the 
endogenous point of view of system dynamics (Richardson 
2011, p. 221). Also, in our research, we have seen how sus-
tainability transitions are substantially shaped by a myriad 
of feedback mechanisms, including carbon lock-in, learn-
ing effects, crowd-out, and carbon leakage (Gürsan and 
de Gooyert 2021; Janipour et al. 2021, 2022; Gonella and 
de Gooyert 2024). Below, we briefly elaborate on some 
such mechanisms with illustrations from our past and 
ongoing research projects. By addressing these feedback 
mechanisms and putting them center stage, qualitative 
system dynamics can contribute to sustainability transi-
tions research (Alkemade and de Coninck 2021). Qualita-
tive system dynamics can help sustainability transitions 
research by explicitly mapping the reinforcing and balanc-
ing feedback mechanisms that drive or hinder a sustain-
ability transition. Sustainability transitions are character-
ized by path dependencies and lock-ins: path dependency 
is the inclination of socio-technical systems to continue 
and develop along existing paths, influenced by their his-
torical evolution, previous investments, and institutional 
structures that provide barriers to change (Geels and Schot 
2007). Because existing socio-technical pathways benefit 
from economies of scale, a lock-in effect emerges, which 
means that technologies and institutions reinforce the 
existing socio-technical pathways both through techno-
logical and institutional developments that favor the exist-
ing direction (Unruh 2000). Qualitative system dynamics 
helps elucidate the specific feedback structure of the sys-
tem that is causing the path dependencies and lock-ins in 
the current system, thereby enabling researchers and stake-
holders alike to understand the sources of policy resistance 
and identify leverage points for interventions that support 
sustainability transitions (Hjorth and Bagheri 2006). 

Comparably, qualitative system dynamic modeling in par-
ticipatory settings involves stakeholders in the modeling 
process. This results in a more robust and widely accepted 
model, especially where shared understanding and consen-
sus support policy development (Moallemi et al. 2021). 
This is illustrated by de Gooyert et al. (2016), a study on 
the Dutch energy transition, where policies are histori-
cally made using transition frameworks, as an example to 
show how qualitative system dynamics in a participatory 
setting can be used to conceptualize the energy system as 
a superset of various subsystems where technological, eco-
logical, social, economic, and political factors dynamically 
influence each other. The resulting feedback loops not only 
assisted in achieving consensus among stakeholders on the 
sources of policy resistance plaguing the Dutch energy 
transition but also enabled them to identify leverage points 
for policy interventions, e.g., heavy governmental invest-
ments in renewable energy can lead to “crowding-out” 
of community-based renewable energy initiatives, and 
instead a policy mix that supports both governmental and 
grassroots renewable energy projects would counter the 
effect of a potential policy resistance.

Another illustration is given in Fig. 2, which shows a 
causal loop diagram (CLD) adaptation from Gürsan and de 
Gooyert (2021) of a policy resistance example using natural 
gas as a transition fuel. Lower natural gas prices in the USA 
were expected to crowd-out coal usage and thus reduce car-
bon emissions. The USA was able to reduce its emissions 
with an ample supply of shale gas; however, the increasing 
competition in the US fossil market had also pushed the US 
coal export prices to drop remarkably (Ahmed and Cameron 
2014). The affordable coal had been exported to Europe, 
enabling the coal plants in Europe to stay open and keep 
running (Baron 2013). This is an example of a fossil spill-
over where the offset carbon in the USA had been carried or 
spilled over to Europe because of the competing coal export 
prices. The CLD in Fig. 2 shows this unexpected influ-
ence of affordable gas prices in the USA on the European 
energy markets. Affordable gas prices support coal invest-
ments because of the balancing loop that connects gas and 
coal costs. If this balancing loop is overlooked, the rest of 
the model structure looks highly similar to the ‘success to 
the successful’ system archetype (Meadows 2008) (with a 
causal link between both loops which leads to the spill-over), 
where we could assume that natural gas would crowd-out 
coal investments since gas is relatively cleaner and more 
affordable than coal. In reality, cheap gas prices could offset 
the emission reduction benefits by allowing more affordable 
coal prices due to the competition in the energy market. In 
this example, long-term market effects (economies of scale) 
and the interconnectedness between global energy markets 
(competition in US markets' influence on European markets) 
led to this specific policy resistance mechanism.
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Sustainability transitions research offers 
a rich collection of frameworks and theories 
that qualitative system dynamics can build on

Based on our experiences in past and ongoing research 
projects, we see the main contribution of sustainability 
transitions research to qualitative system dynamics in 
offering a rich collection of frameworks and theories to 
build on when applying qualitative system dynamics to 
sustainability issues. Below, we elaborate on this point 
using illustrations. Transitions are large-scale socio-tech-
nical changes that are “polycentric, multi-actor, multi-
factor, and multilevel with temporal and spatial scales 
that vary” (Geels and Schot 2007; Köhler et al. 2018; 
Papachristos 2019, p. 252). They are characterized by 
dynamic interactions between actors, institutions, technol-
ogies, business models, organizations, products, and ser-
vices. They consist of path-dependent processes that result 
in specific transition pathways (Geels and Schot 2007). 
Sustainability transition research studies such pathways 
and elucidates how different elements of a system, such 
as technologies, actors, and institutions, cause a “lock-
in” and “path-dependency” preventing other (sustainable) 
pathways from emerging (Geels and Schot 2007), e.g., a 
strong dependency on fossil-fuel as primary energy source 
prevents the embedding of renewable energy technologies 
as their replacement. Applying qualitative system dynam-
ics can draw from this rich ensemble of frameworks and 
theories to inform the research. System dynamics is funda-
mentally interdisciplinary. To study and improve complex 
systems, system dynamics “draws on cognitive and social 
psychology, economics, and other social sciences” (Ster-
man 2000, p. 5). Sustainability transitions research can 

then be seen as another body of knowledge that system 
dynamics can build on.

At first glance, this observation might seem at odds with 
our earlier statement above that qualitative system dynamics 
complements sustainability transition research because qual-
itative system dynamics is more inductive, less restricted by 
schools of thought that revolve around one discipline, like 
political science, geography, business administration, and so 
on. We argued that qualitative system dynamics helps adopt 
a more holistic approach because it does not use existing 
frameworks and theories as a starting point, which seems 
to conflict with the suggestion that sustainability transitions 
research complements qualitative system dynamics by offer-
ing such frameworks and theories. Therefore, it is good to 
stress that we do not mean that these frameworks and theo-
ries should steer the qualitative system dynamics applica-
tions too much, but that they fit in an iterative exploration 
of a topic through primary qualitative data and secondary 
qualitative data, with existing scientific publications as one 
out of multiple sources of data to draw from.

To illustrate this point, we use the research design of one 
of our studies on a sustainability transition in the chemi-
cal industry, see Fig. 3. That study also navigated between 
inductive and deductive approaches. It used existing docu-
ments on the sustainability transition of a chemical cluster 
and developed a seed model out of that as a starting point for 
group model-building workshops, as suggested by Richard-
son (2013). In addition, conversations with stakeholders and 
a review of earlier sustainability transitions research resulted 
in a list of topics to discuss in interviews. These interviews 
then further helped prepare for the group model-building 
workshops, as also suggested by Vennix (1996). Finally, the 
results of the group model-building workshops, as well as 

Fig. 2   CLD showing the unexpected influence of affordable gas prices in the USA on the European energy markets (adapted from Gürsan and de 
Gooyert 2021)
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the individual interviews, were compared with earlier sus-
tainability transitions research to provide an answer to the 
research question. Figure 3 below provides a more generic 
research design for a study combining, in this case, partici-
patory qualitative system dynamics and sustainability tran-
sitions research, iterating between induction through sys-
tem dynamics and deduction from sustainability transitions 
research to provide an answer to the research question that 
is both holistic and well-grounded in earlier research. Such 
an approach is also possible for qualitative system dynam-
ics applied in a non-participatory setting, for example, as 
demonstrated in both Gonella and de Gooyert (2024) and 
Gürsan and de Gooyert (2021), where secondary qualitative 
data were used to iterate between various studies, including 
sustainability transitions research.

The above shows that qualitative system dynamics can be 
coupled with frameworks and theories from sustainability 
transition research to complement them and support a more 
comprehensive analysis. The application of these transition 
frameworks is primarily limited to qualitative case studies. 
Research employing formal modeling approaches to under-
stand the transformation of socio-technical systems is still 
emerging, amongst others under the name transitions mod-
eling (Halbe 2015; Holtz 2011; Holtz et al. 2015; Köhler 
et al. 2018; Lopolito et al. 2013; Moallemi and de Haan 
2019; Papachristos 2019; Walrave and Raven 2016). While 
we acknowledge that modeling sustainability transitions is 
an arduous task riddled with complexity and interdependen-
cies of the processes involved, we propose that qualitative 
system dynamics, both in participatory and non-participa-
tory settings, can fruitfully complement other sustainability 

transition studies, not the least because it forces scholars 
to explicitly explore causal links between the dynamics of 
emerging systems (Raven and Walrave 2020; Walrave and 
Raven 2016). Transition scholars have acknowledged that 
modeling approaches like qualitative system dynamics can 
elucidate transition dynamics more precisely and tangibly 
by providing the value of visualizing (and communicating) 
the complex interrelations and feedback in socio-technical 
systems (Holtz et al. 2015). Exposing these dynamics will 
allow researchers and stakeholders to use qualitative sys-
tem dynamics to, for example, identify sources of policy 
resistance in the system (de Gooyert et al. 2016). Transition 
frameworks are not always able to fully describe the com-
plex causal relations and underlying dynamics that cause 
these lock-ins and path dependencies. Using the multilevel 
perspective as an example, we can conceptualize system 
pathways as an “aggregate balance of reinforcing and dis-
rupting forces from the landscape, regime, niches, and/or 
other systems” (Papachristos 2019, p. 253). For instance, 
these reinforcing and disrupting forces could be dynamic 
feedbacks between elements (such as actors, institutions, 
and infrastructure) at a socio-technical level (Geels 2002). 
For a sustainability transition to successfully transpire, 
the balance between the endogenous reinforcing and bal-
ancing mechanisms at niche, landscape, and other system 
levels must counteract the balance between the endogenous 
reinforcing and balancing mechanisms at the regime level. 
Policy interventions should adapt to the exogenous land-
scape events and reinforce the balance at the niche and other 
system levels while diminishing the balance at the regime 
level. A similar analogy could be made with the incumbent 

Fig. 3   Qualitative system dynamics drawing from sustainability transitions research (adapted from Janipour et al. 2022)
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and emerging systems in the TIS framework. In this spirit, 
system dynamics can also bridge the two dominant transition 
study frameworks—an underexplored connection that can 
potentially have significant benefits (Markard and Truffer 
2008; Weber and Rohracher 2012).

Sustainability transitions research often acknowledges the 
complex nature of sustainability challenges. Various frame-
works have been developed in the sustainability transition 
literature. However, these frameworks do not always have an 
explicit basis for the causal mechanisms responsible for the 
evolution of the systems they describe. We argue that system 
dynamicists can benefit from the existing conceptual frame-
works and contribute to the literature by using qualitative 
system dynamics as an explicit causal language that helps 
cross the boundaries between disciplines and specialists.

Conclusion

In this article, we have reflected on the benefits of com-
bining two fields of research: qualitative system dynamics 
and sustainability transitions research. Sustainability transi-
tions are required to preserve the needs of future generations 
(Markard et al. 2012). Sustainability transitions research 
acknowledges the complex nature of the socio-technical 
systems that need to change and aims to advance understand-
ing of how human behavior, institutions, and technologies 
co-evolve over time (van den Bergh et al. 2011). Sustain-
ability transitions succeed or stall because of the underlying 
feedback dynamics responsible for either progress or inertia 
(de Gooyert et al. 2016). By providing explicit, tractable 
conceptualizations of interrelated causal relationships, quali-
tative system dynamics helps to improve theory building in 
sustainability transitions research (Carter and Little 2007).

We identified three key benefits of combining qualita-
tive system dynamics and sustainability transitions research 
and supported these findings using illustrations from ear-
lier studies. We find that qualitative system dynamics helps 
sustainability transitions research by encouraging a broader 
system boundary and a higher degree of endogeneity, and 
we find that sustainability transitions research helps qualita-
tive system dynamics by allowing advancements through the 
integration of earlier frameworks and theories from the rich 
literature that sustainability transitions research has to offer. 
Table 1 summarizes these key findings.

Using qualitative system dynamics for sustainability 
transitions research fosters a greater appreciation for how 
the interests of different stakeholders are interrelated. Map-
ping the causal feedback mechanisms enabling and hinder-
ing sustainability transitions leads to recommendations on 
how to navigate seemingly opposing interests. The balancing 
feedback underneath inertia and resistance to change can be 
addressed by aligning stakeholders' interests, for example, 

by exploring solutions and narratives where both industry 
and environmentalists benefit (Gürsan and de Gooyert 2021; 
Janipour et al. 2021). It shows how a just transition is not 
just a discussion on normative aspects of sustainability but 
a pragmatic solution for defining a solution space where the 
actors involved all help push the system in the same, more 
sustainable direction (Gonella 2021). Sustainability transi-
tions research and qualitative system dynamics have a lot to 
benefit from the combination of the two, and we encourage 
future researchers to contribute to this emerging stream of 
literature.

Discussion, limitations, and suggestions 
for future research

In this section, we discuss the position of qualitative system 
dynamics and sustainability transitions research in broader 
debates, and provide avenues for future research. The first 
broader debate that our findings relate to is the debate on 
epistemological and ontological foundations of sustainabil-
ity transitions research, which is receiving increasing atten-
tion, especially in the discussion about how more case-based 
narrative studies on the one hand and computer simulation 
studies, on the other hand, compare (Geels et al. 2016; Geels 
et al. 2020; McDowall and Geels 2017; Turnheim et al. 
2015). As described earlier, qualitative system dynamics 
and sustainability transitions research both deal with prob-
lems that are 'messy' and complicated (Kivimaa et al. 2021; 
Vennix 1996). Studies start from divergent ontological and 
epistemological assumptions to investigate these problems. 
While scientists do not fully agree on how to classify these 
philosophical paradigms (Avenier and Thomas 2015), the 
spectrum ranges from positivism to interpretivism (Hazard 
et al. 2020). Positivistic approaches consider reality inde-
pendent of the observer and aim to produce knowledge that 
offers an unequivocal explanation of this 'objective' reality 
that exists independent of us. The philosophical paradigms 
that do not consider reality independent of the researcher 
(such as pragmatism, constructivism, constructionism, rela-
tivism, etc.) can be grouped under interpretivism (Yanow 
and Schwartz-Shea 2015). Interpretivist approaches consider 
reality socially constructed through each individual's experi-
ence and aim to produce knowledge that offers a plausible 
explanation of the 'subjective' realities appropriate for the 
lived experience (Avenier and Thomas 2015). While com-
puter simulation models are typically characterized on the 
positivistic side of the spectrum, case-based narrative stud-
ies in sustainability transitions are typically characterized 
on the interpretivist side of the spectrum. The interesting 
position of qualitative system dynamics here is that it falls 
somewhere in between and that it, to some extent, is flexible 
enough to be applied in different philosophical paradigms, 
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ranging from positivistic to interpretivist [see for a discus-
sion Lane (2001a, b), as well as de Gooyert et al. (2019)]. 
In the positivist research tradition, rigor is established 
using methods that bring models as close as possible to an 
'objective' reality. This is primarily achieved by collecting 
observations dispassionately, quantifying qualitative data, 
and (predominantly) using deductive logic. In other words, 
models are "micro-hypotheses or minor content theories" 
(Lane 2000, p. 12) to be verified, authenticated, or contested. 
On the other hand, in the constructivist tradition, multiple 
realities exist that are socially constructed as a cause and 
consequence of peoples' behaviors towards their environ-
ment. Thus, 'systems' do not need to exist in reality, and 
models describe "how things might be from a particular 
viewpoint” (Mingers and Rosenhead 2001, p. 299). Such 
approaches primarily rely on collecting qualitative data 
through extended discourses with research subjects and (pri-
marily) using inductive logic. Therefore, models are con-
sidered rigorous if they reach a certain confidence level and 
incentivize consensus. While positivistic system dynamicists 
triangulate to decrease subjectivity [see Homer (1996) for 
examples], constructivist system dynamicists investigate 
that very subjectivity [an example is Group Model Building 
(Vennix 1996)]—perceptions are not considered as a dis-
torted image of reality, but as meanings that an entity assigns 
to different aspects of reality. We argue that qualitative sys-
tem dynamics is a fruitful approach to advance sustainability 
transitions research because it falls in between more positiv-
istic simulation approaches and more interpretivist narrative 
approaches, but this benefit comes with the challenge that 
epistemological and ontological assumptions remain hid-
den, which hinders reflection. Hence, we believe that future 
applications of qualitative system dynamics in sustainability 
transitions research would benefit from a more explicit and 
argued positioning of their foundations. This will help avoid 
confusion and ensure that contributions are assessed against 
their intended outcomes in light of the original ambitions.

Another suggestion for future research is to explore 
potential combinations with other approaches that help to 
foster the necessary change to bring about sustainability 
transitions. Both qualitative system dynamics and sustaina-
bility transitions research share the explicit aim to contribute 
to not only generating new knowledge but also addressing 
problems. However, the change necessary to achieve more 
sustainable modes of production and consumption often 
requires more than what a research approach like qualita-
tive system dynamics can offer. At its core, qualitative sys-
tem dynamics is an analytical approach aimed at creating a 
better understanding of complex issues. However, even if 
a perfect understanding of all the complexity of a sustain-
ability challenge is achieved, this may still not be enough to 
bring about change (de Gooyert et al. 2016). Sustainability 
transitions require analytical approaches that help identify 

leverage points (Leventon et al. 2021) and engage stake-
holders on an emotional level to inspire action. Therefore, 
we think combining analytical approaches like qualitative 
system dynamics with other approaches that engage more 
on a personal level may prove useful. Such approaches could 
include shared visioning, for example, that helps individuals 
to believe in alternative futures, to motivate and empower 
them (Loorbach et  al. 2017), or “futuring” approaches 
employing, for example, multi-media installations for more 
immersive experiences to bring about shared orientations for 
action (Hajer and Pelzer 2018).

A limitation of our article is that we presented illus-
trations revolving around energy transition and climate 
mitigation. We expect similar considerations for other sus-
tainability transitions like those around biodiversity and pov-
erty. Future researchers could broaden the types of cases 
on which they apply qualitative system dynamics for sus-
tainability transitions research, so that it contributes to the 
broad agenda of sustainable development as discussed in, 
for example, the Global Sustainable Development Report 
(Miranda and Scholz 2023), the IPCC assessment reports 
(IPCC 2023), and the IPBES reports (IPBES 2019). While 
one approach might be to seek cases beyond energy and cli-
mate mitigation in future research, another approach would 
be to broaden the scope of studies so that the transitions 
around energy and climate are connected to other sustainable 
development transitions like biodiversity and poverty. This 
is the topic of an emerging stream of literature on multi-sys-
tem transitions (Andersen and Geels 2023; Andersen et al. 
2023; Papachristos et al. 2013). In this article, we presented 
the encouragement of adopting broader system boundaries 
as one of the key benefits of applying qualitative system 
dynamics to sustainability transitions research. Indeed, con-
tributing to the study of multi-system transitions would be 
a logical next step.

A final suggestion is to increase the extent to which we 
reflect on our role as researchers. Sustainability transitions 
research is inherently value-laden as it involves bringing 
about a better world, which requires operationalizing what 
“better” means. Earlier studies in sustainability transitions 
research showed how researchers combine roles, including 
process facilitator, knowledge broker, reflective scientist, 
and change agent (Wittmayer and Schäpke 2014). Especially 
for participative modes of qualitative system dynamics, we 
deem it relevant to reflect more on the positions we take as 
a researcher, for example using an evaluation framework as 
the one presented by Moallemi et al. (2021). In a context like 
that of group model building, you interact with stakeholders 
and influence how they perceive the sustainability challenge 
at hand. Exploring leverage points with participants from 
incumbents who have a stake in current systems might be 
seen as a justification for systems that stand in the way of 
required radical change. There is a real danger that efforts 
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to empower new perspectives may reinforce existing power 
structures (Avelino et al. 2016).

Author contributions  All authors contributed to the conception and 
design of the study. The authors met to discuss the lessons learned 
from each of their projects, on which this paper builds. All authors 
contributed to the drafting and revision of the manuscript.

Funding  Project C4U received funding from the European Union’s 
Horizon 2020 research and innovation programme under Grant Agree-
ment No 884418; Project INSpECT is funded by TKI Deltatechnologie 
and Next Generation Infrastructures; Project EXPLORE is funded by 
the Dutch Research Council (Nederlandse Organisatie voor Weten-
schappelijk Onderzoek—NWO); Project Sustainable Plastics is funded 
by Brightsite and the Institute for Management Research (Radboud 
University).

Declarations 

Conflict of interest  The authors have no competing interests to declare 
that are relevant to the content of this article.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Ahmed NA, Cameron M (2014) The challenges and possible solutions 
of horizontal axis wind turbines as a clean energy solution for the 
future. Renew Sustain Energy Rev 38:439–460

Alkemade F, de Coninck H (2021) Policy mixes for sustainability tran-
sitions must embrace system dynamics. Environ Innov Soc Trans 
41:24–26

Andersen AD, Geels FW (2023) Multi-system dynamics and the speed 
of net-zero transitions: identifying causal processes related to 
technologies, actors, and institutions. Energy Res Soc Sci 
102:103178

Andersen AD, Steen M, Mäkitie T, Hanson J, Thune TM, Soppe B 
(2020) The role of inter-sectoral dynamics in sustainability tran-
sitions: a comment on the transitions research agenda. Environ 
Innov Soc Trans 34:348–351

Andersen AD, Geels FW, Steen M, Bugge MM (2023) Building multi-
system nexuses in low-carbon transitions: conflicts and asym-
metric adjustments in Norwegian ferry electrification. Proc Natl 
Acad Sci 120(47)

Arthur W (2016) Increasing returns and path dependence in the econ-
omy. In: Increasing returns and path dependence in the economy. 
https://​doi.​org/​10.​3998/​mpub.​10029

Avelino F, Grin J, Pel B, Jhagroe S (2016) The politics of sustainability 
transitions. J Environ Plan Policy Manag 18(5):557–567

Avenier M-J, Thomas C (2015) Finding one’s way around various 
methodological guidelines for doing rigorous case studies: a 
comparison of four epistemological frameworks. Systèmes 
D’information & Management. https://​doi.​org/​10.​3917/​sim.​
151.​0061

Awan A (2020) Missing the bullseye: systemic factors blocking the 
emergence of RET sustainable business models in Indonesia. 
Eindhoven University of Technology, Eindhoven

Baron R (2013) Renewable energy: a route to decarbonisation in peril. 
Document préparé pour la 29e Table ronde sur le développement 
durable organisée au siège de l’OCDE, à Paris, pp 4–5

Bergek A (2002) Shaping and exploiting technological opportunities: 
the case of renewable energy technology in Sweden. Doktor-
savhandlingar Vid Chalmers Tekniska Hogskola, 1826

Bergek A, Jacobsson S, Carlsson B, Lindmark S, Rickne A, Jacobs-
son S, Carlsson B, Lindmark S, Rickne A (2007) Analyzing 
the functional dynamics of technological innovation systems: 
a scheme of analysis. ElsevierPaperpile 3(37):407–429. https://​
doi.​org/​10.​1016/j.​respol.​2007.​12.​003

Carter SM, Little M (2007) Justifying knowledge, justifying method, 
taking action: epistemologies, methodologies, and methods in 
qualitative research. Qual Health Res. https://​doi.​org/​10.​1177/​
10497​32307​306927

Coyle G (2000) Qualitative and quantitative modelling in system 
dynamics: some research questions. Syst Dyn Rev J Syst Dyn 
Soc 16(3):225–244

de Gooyert V (2019) Developing dynamic organizational theories; 
three system dynamics based research strategies. Qual Quant 
53:653–666

de Gooyert V, Größler A (2018) On the differences between theo-
retical and applied system dynamics modeling. Syst Dyn Rev 
34(4):575–583

de Gooyert V, Rouwette E, van Kranenburg H, Freeman E, van 
Breen H (2016) Sustainability transition dynamics; towards 
overcoming policy resistance. Technol Forecast Soc Chang 
111:135–145

de Gooyert V, Bleijenbergh I, Korzilius H, Fokkinga B, Lansu M, 
Raaijmakers S, Rouwette E, van der Wal M (2019) Why we do 
not always simulate. WiSDom Blog. Available from https://​syste​
mdyna​mics.​org/​why-​we-​do-​not-​always-​simul​ate/

de Gooyert V, de Coninck H, ter Haar B (2024) How to make climate 
policy more effective? The search for high leverage points by the 
multidisciplinary Dutch expert team ‘Energy System 2050.’ Syst 
Res Behav Sci. https://​doi.​org/​10.​1002/​sres.​3039

Forrester JW (1994) System dynamics, systems thinking, and soft OR. 
Syst Dyn Rev 10(2–3):245–256

Geels FW (2002) Technological transitions as evolutionary reconfigu-
ration processes: a multi-level perspective and a case-study. Res 
Policy 31:1257–1274

Geels FW (2006) Multi-level perspective on system innovation: rel-
evance for industrial transformation. In: Understanding industrial 
transformation. https://​doi.​org/​10.​1007/1-​4020-​4418-6_9

Geels FW, Schot J (2007) Typology of sociotechnical transition path-
ways. Res Policy 36(3):399–417. https://​doi.​org/​10.​1016/j.​respol.​
2007.​01.​003

Geels FW, Schot J (2010) The dynamics of transitions: a socio-techni-
cal perspective. In: Transitions to sustainable development: new 
directions in the study of long term transformative change

Geels FW, Berkhout F, Van Vuuren DP (2016) Bridging analyti-
cal approaches for low-carbon transitions. Nat Clim Change 
6(6):576–583

Geels FW, McMeekin A, Pfluger B (2020) Socio-technical scenarios as 
a methodological tool to explore social and political feasibility in 
low-carbon transitions: bridging computer models and the multi-
level perspective in UK electricity generation (2010–2050). 
Technol Forecast Soc Chang 151:119258–119258

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3998/mpub.10029
https://doi.org/10.3917/sim.151.0061
https://doi.org/10.3917/sim.151.0061
https://doi.org/10.1016/j.respol.2007.12.003
https://doi.org/10.1016/j.respol.2007.12.003
https://doi.org/10.1177/1049732307306927
https://doi.org/10.1177/1049732307306927
https://systemdynamics.org/why-we-do-not-always-simulate/
https://systemdynamics.org/why-we-do-not-always-simulate/
https://doi.org/10.1002/sres.3039
https://doi.org/10.1007/1-4020-4418-6_9
https://doi.org/10.1016/j.respol.2007.01.003
https://doi.org/10.1016/j.respol.2007.01.003


Sustainability Science	

Gonella S (2021) Pursuing a just transition in the power sectors of 
Poland and South Africa: identifying barriers and drivers 
using system dynamics. Eindhoven University of Technology, 
Eindhoven

Gonella S, de Gooyert V (2024) What are sustainable plastics? A 
review of interrelated problems and solutions to help avoid unin-
tended consequences. Environ Res Lett 19(7):073001. https://​doi.​
org/​10.​1088/​1748-​9326/​ad536d

Gürsan C, de Gooyert V (2021) The systemic impact of a transition 
fuel: does natural gas help or hinder the energy transition? Renew 
Sustain Energy Rev. https://​doi.​org/​10.​1016/j.​rser.​2020.​110552

Gürsan C, de Gooyert V, de Bruijne M, Raaijmakers J (2024) Dis-
trict heating with complexity: Anticipating unintended con-
sequences in the transition towards a climate-neutral city in 
the Netherlands. Energy Res Soc Sci 110: https://​doi.​org/​10.​
1016/j.​erss.​2024.​103450

Hajer MA, Pelzer P (2018) 2050—an energetic Odyssey: understand-
ing ‘Techniques of Futuring’ in the transition towards renew-
able energy. Energy Res Soc Sci 44:222–231

Halbe J (2015) Lessons for model use in transition research. Envi-
ron Innov Soc Trans 15:194–210. https://​doi.​org/​10.​1016/j.​eist.​
2014.​10.​001

Halbe J, Holtz G, Ruutu S (2020) Participatory modeling for transi-
tion governance: linking methods to process phases. Environ 
Innov Soc Trans 35:60–76. https://​doi.​org/​10.​1016/j.​eist.​2020.​
01.​008

Hazard L, Cerf M, Lamine C, Magda D, Steyaert P (2020) A tool for 
reflecting on research stances to support sustainability transi-
tions. Nat Sustain. https://​doi.​org/​10.​1038/​s41893-​019-​0440-x

Hekkert MP, Suurs RAA, Negro SO, Kuhlmann S, Smits REHM 
(2007) Functions of innovation systems: a new approach for 
analysing technological change. Technol Forecast Soc Change 
74(4):413–432. https://​doi.​org/​10.​1016/j.​techf​ore.​2006.​03.​002

Hjorth P, Bagheri A (2006) Navigating towards sustainable develop-
ment: a system dynamics approach. Futures 38(1):74–92

Holtz G (2011) Modelling transitions: an appraisal of experiences and 
suggestions for research. Environ Innov Soc Trans 1(2):167–186

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 societal transitions: position paper of an 
emerging community. Environ Innov Soc Transit 17:41–58

Homer JB (1996) Why we iterate: scientific modeling in theory and 
practice. Syst Dyn Rev. https://​doi.​org/​10.​1002/​(sici)​1099-​
1727(199621)​12:​1<​1::​aid-​sdr93​>3.​3.​co;2-p

IPBES (2019) Global assessment report on biodiversity and ecosystem 
services of the Intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services. In: Settele J, Díaz S, Ngo 
HT (eds) Brondízio ES. IPBES secretariat, Bonn pp, pp 1–1082. 
https://​doi.​org/​10.​5281/​zenodo.​383167

IPCC (2023) Climate change 2023: synthesis report. contribution of 
Working Groups I, II and III to the sixth assessment report of 
the Intergovernmental Panel on Climate Change [Core Writing 
Team, H. Lee and J. Romero (eds)]. IPCC, Geneva, pp 35–115. 
https://​doi.​org/​10.​59327/​IPCC/​AR6-​97892​91691​647.

Janipour Z, Swennenhuis F, de Gooyert V, de Coninck H (2021) Under-
standing contrasting narratives on carbon dioxide capture and 
storage for Dutch industry using system dynamics. Int J Greenh 
Gas Control. https://​doi.​org/​10.​1016/j.​ijggc.​2020.​103235

Janipour Z, de Gooyert V, Huijbregts M, de Coninck H (2022) Indus-
trial clustering as a barrier and an enabler for deep emission 
reduction: a case study of a Dutch chemical cluster. Clim Policy 
22(3):320–338. https://​doi.​org/​10.​1080/​14693​062.​2022.​20257​55

Kemp R (1994) Technology and the transition to environmental sus-
tainability. The problem of technological regime shifts. Futures. 
https://​doi.​org/​10.​1016/​0016-​3287(94)​90071-X

Kemp R, Loorbach D, Rotmans J (2007) Transition management as a 
model for managing processes of co-evolution towards sustain-
able development. Int J Sustain Dev World Ecol. https://​doi.​org/​
10.​1080/​13504​50070​94697​09

Kivimaa P, Laakso S, Lonkila A, Kaljonen M (2021) Moving beyond 
disruptive innovation: a review of disruption in sustainability 
transitions. Environ Innov Soc Transit. https://​doi.​org/​10.​1016/j.​
eist.​2020.​12.​001

Köhler J, de Haan F, Holtz G, Kubeczko K, Moallemi E, Papachristos 
G, Chappin E (2018) Modelling sustainability transitions: an 
assessment of approaches and challenges. JASSS 21(1)

Köhler J, Geels FW, Kern F, Markard J, Onsongo E, Wieczorek A, 
Wells P et al (2019) An agenda for sustainability transitions 
research: state of the art and future directions. Environ Innov 
Soc Transit 31:1–32

Lane DC (2000) Diagramming conventions in system dynamics. J Oper 
Res Soc. https://​doi.​org/​10.​1057/​palgr​ave.​jors.​26008​64

Lane DC (2001a) Rerum cognoscere causas: Part I—how do the ideas 
of system dynamics relate to traditional social theories and the 
voluntarism/determinism debate? Syst Dyn Rev 17(2):97–118

Lane DC (2001b) Rerum cognoscere causas: Part II—opportunities 
generated by the agency/structure debate and suggestions for 
clarifying the social theoretic position of system dynamics. Syst 
Dyn Rev 17(4):293–309

Leal Filho W, Londero Brandli L (2016) Engaging stakeholders for 
sustainable development. World Sustain Ser. https://​doi.​org/​10.​
1007/​978-3-​319-​26734-0_​21

Leventon J, Abson DJ, Lang DJ (2021) Leverage points for sustain-
ability transformations: nine guiding questions for sustainability 
science and practice. Sustain Sci 16(3):721–726. https://​doi.​org/​
10.​1007/​s11625-​021-​00961-8

Loorbach D, Wijsman K (2013) Business transition management: 
exploring a new role for business in sustainability transitions. J 
Clean Prod 45:20–28

Loorbach D, Frantzeskaki N, Avelino F (2017) Sustainability tran-
sitions research: transforming science and practice for societal 
change. Annu Rev Environ Resour. https://​doi.​org/​10.​1146/​annur​
ev-​envir​on-​102014-​021340

Lopolito A, Morone P, Taylor R (2013) Emerging innovation niches: 
an agent based model. Res Policy 42(6–7):1225–1238

Luederitz C, Abson DJ, Audet R, Lang DJ (2017) Many pathways 
toward sustainability: not conflict but co-learning between tran-
sition narratives. Sustain Sci 12(3):393–407. https://​doi.​org/​10.​
1007/​s11625-​016-​0414-0

Markard J, Truffer B (2008) Technological innovation systems and the 
multi-level perspective: towards an integrated framework. Res 
Policy. https://​doi.​org/​10.​1016/j.​respol.​2008.​01.​004

Markard J, Raven R, Truffer B (2012) Sustainability transitions: an 
emerging field of research and its prospects. Res Policy. https://​
doi.​org/​10.​1016/j.​respol.​2012.​02.​013

Martinez-Moyano IJ, Richardson GP (2013) Best practices in system 
dynamics modeling. Syst Dyn Rev 29(2):102–123

McDowall W, Geels FW (2017) Ten challenges for computer models in 
transitions research: commentary on Holtz et al. Environ Innov 
Soc Transit 22:41–49

Meadows DH (2008) Thinking in systems: a primer. Chelsea Green 
Publishing

Mingers J, Rosenhead J (2001) An overview of related methods: VSM, 
system dynamics and decision analysis. In: Mingers J, Rosenhead 
J (eds) Rational analysis for a problematic world revisited. Wiley, 
Chichester, pp 267–288

Miranda JJ, Scholz I (2023) Global Sustainable Development Report 
2023: times of crisis, times of change: science for accelerating 
transformations to sustainable development. United Nations, 
New York

https://doi.org/10.1088/1748-9326/ad536d
https://doi.org/10.1088/1748-9326/ad536d
https://doi.org/10.1016/j.rser.2020.110552
https://doi.org/10.1016/j.erss.2024.103450
https://doi.org/10.1016/j.erss.2024.103450
https://doi.org/10.1016/j.eist.2014.10.001
https://doi.org/10.1016/j.eist.2014.10.001
https://doi.org/10.1016/j.eist.2020.01.008
https://doi.org/10.1016/j.eist.2020.01.008
https://doi.org/10.1038/s41893-019-0440-x
https://doi.org/10.1016/j.techfore.2006.03.002
https://doi.org/10.1002%2F%28SICI%291099-1727%28199621%2912%3A1%3C1%3A%3AAID-SDR93%3E3.0.CO%3B2-P
https://doi.org/10.1002%2F%28SICI%291099-1727%28199621%2912%3A1%3C1%3A%3AAID-SDR93%3E3.0.CO%3B2-P
https://doi.org/10.5281/zenodo.383167
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/j.ijggc.2020.103235
https://doi.org/10.1080/14693062.2022.2025755
https://doi.org/10.1016/0016-3287(94)90071-X
https://doi.org/10.1080/13504500709469709
https://doi.org/10.1080/13504500709469709
https://doi.org/10.1016/j.eist.2020.12.001
https://doi.org/10.1016/j.eist.2020.12.001
https://doi.org/10.1057/palgrave.jors.2600864
https://doi.org/10.1007/978-3-319-26734-0_21
https://doi.org/10.1007/978-3-319-26734-0_21
https://doi.org/10.1007/s11625-021-00961-8
https://doi.org/10.1007/s11625-021-00961-8
https://doi.org/10.1146/annurev-environ-102014-021340
https://doi.org/10.1146/annurev-environ-102014-021340
https://doi.org/10.1007/s11625-016-0414-0
https://doi.org/10.1007/s11625-016-0414-0
https://doi.org/10.1016/j.respol.2008.01.004
https://doi.org/10.1016/j.respol.2012.02.013
https://doi.org/10.1016/j.respol.2012.02.013


	 Sustainability Science

Moallemi EA, de Haan FJ (eds) (2019) Modelling transitions: virtues, 
vices, visions of the future. Routledge, London

Moallemi EA, Malekpour S (2018) A participatory exploratory mod-
elling approach for long-term planning in energy transitions. 
Energy Res Soc Sci 35:205–216

Moallemi EA, Aye L, de Haan FJ, Webb JM (2017a) A dual narrative-
modelling approach for evaluating socio-technical transitions in 
electricity sectors. J Clean Prod 162:1210–1224

Moallemi EA, de Haan F, Kwakkel J, Aye L (2017b) Narrative-
informed exploratory analysis of energy transition path-
ways: a case study of India’s electricity sector. Energy Policy 
110:271–287

Moallemi EA, de Haan FJ, Hadjikakou M, Khatami S, Malekpour 
S, Smajgl A, Smith MS, Voinov A, Bandari R, Lamichhane P, 
Miller KK, Nicholson E, Novalia W, Ritchie EG, Rojas AM, 
Shaikh MA, Szetey K, Bryan BA (2021) Evaluating participa-
tory modeling methods for co-creating pathways to sustainability. 
Earth's Future 9(3)

O’Riordan T (2001) Globalism, localism, and identity: fresh perspec-
tives on the transition to sustainability. Earthscan

Papachristos G (2011) A system dynamics model of socio-technical 
regime transitions. Environ Innov Soc Trans 1(2):202–233. 
https://​doi.​org/​10.​1016/j.​eist.​2011.​10.​001

Papachristos G (2014) Towards multi-system sociotechnical transitions: 
why simulate. Technol Anal Strateg Manag 26(9):1037–1055

Papachristos G (2018) A mechanism based transition research method-
ology: bridging analytical approaches. Futures 98:57–71

Papachristos G (2019) System dynamics modelling and simulation for 
sociotechnical transitions research. Environ Innov Soc Transit. 
https://​doi.​org/​10.​1016/j.​eist.​2018.​10.​001

Papachristos G, Adamides E (2016) A retroductive systems-based 
methodology for socio-technical transitions research. Technol 
Forecast Soc Change 108:1–14

Papachristos G, Sofianos A, Adamides E (2013) System interactions in 
socio-technical transitions: extending the multi-level perspective. 
Environ Innov Soc Trans 7:53–69

Pesch U (2015) Tracing discursive space: agency and change in sus-
tainability transitions. Technol Forecast Soc Change 90:379–388

Purvis B, Mao Y, Robinson D (2022) A multi-scale integrated 
assessment model to support urban sustainability. Sustain Sci 
17(1):151–169. https://​doi.​org/​10.​1007/​s11625-​021-​01080-0

Raven R, Walrave B (2020) Overcoming transformational failures 
through policy mixes in the dynamics of technological innova-
tion systems. Technol Forecast Soc Change. https://​doi.​org/​10.​
1016/j.​techf​ore.​2018.​05.​008

Richardson GP (2011) Reflections on the foundations of system 
dynamics. Syst Dyn Rev 27(3):219–243

Richardson GP (2013) Concept models in group model building. Syst 
Dyn Rev 29(1):42–55

Richmond B (1994) Systems thinking/system dynamics: let’s just get 
on with it. Syst Dyn Rev 10(2–3):135–157

Rip A, Kemp R (1998) Technological change. Hum Choice Clim 
Change 2(2):327–399

Rosenbloom D (2020) Engaging with multi-system interactions in 
sustainability transitions: a comment on the transitions research 
agenda. Environ Innov Soc Trans 34:336–340

Rotmans J (1998) Methods for IA: the challenges and opportunities 
ahead. Environ Model Assess. https://​doi.​org/​10.​1023/A:​10190​
19024​003

Rotmans J, Kemp RPM, van Asselt M (2001) More evolution than 
revolution: transition management in public policy. Foresight 
3(1):15–31

Sterman J (2000) Systems thinking and modeling for a complex world. 
Irwin Mc-Graw Hill

Suurs R, Hekkert M (2012) Motors of sustainable innovation: under-
standing transitions from a technological innovation system’s 

perspective. In: Governing the energy transition: reality, illusion 
or necessity? https://​doi.​org/​10.​4324/​97802​03126​523

Swennenhuis F, de Gooyert V, de Coninck HC (2024) Socio-technical 
dynamics of carbon dioxide capture and storage: A systems view 
on enablers and barriers at North Sea Port. Int J Greenhouse Gas 
Control 137:104201. https://​doi.​org/​10.​1016/j.​ijggc.​2024.​104201

System Dynamics Society (n.d.) What is system dynamics. Retrieved 
March 8, 2024, from https://​syste​mdyna​mics.​org/​what-​is-​system-​
dynam​ics/

Truffer B, Murphy JT, Raven R (2015) The geography of sustainability 
transitions: contours of an emerging theme. Environ Innov Soc 
Trans 17:63–72

Trutnevyte E, Barton J, O’Grady Á, Ogunkunle D, Pudjianto D, Rob-
ertson E (2014) Linking a storyline with multiple models: a 
cross-scale study of the UK power system transition. Technol 
Forecast Soc Change 89:26–42

Turnheim B, Berkhout F, Geels F, Hof A, McMeekin A, Nykvist B, van 
Vuuren D (2015) Evaluating sustainability transitions pathways: 
bridging analytical approaches to address governance challenges. 
Glob Environ Change 35:239–253

Unruh GC (2000) Understanding carbon lock-in. Energy policy 
28(12):817–830

van Assche K, Duineveld M, Beunen R, Valentinov V, Gruezmacher M 
(2022) Material dependencies: hidden underpinnings of sustain-
ability transitions. J Environ Policy Plan. https://​doi.​org/​10.​1080/​
15239​08X.​2022.​20497​15

van Asselt MBA, Rotmans J (1996) Uncertainty in perspective. Glob 
Environ Change. https://​doi.​org/​10.​1016/​0959-​3780(96)​00015-5

van den Bergh JCJM, Gowdy JM (2000) Evolutionary theories in envi-
ronmental and resource economics: approaches and applications. 
Environ Resour Econ. https://​doi.​org/​10.​1023/A:​10083​17920​901

van den Bergh JCJM, Truffer B, Kallis G (2011) Environmental inno-
vation and societal transitions: introduction and overview. Envi-
ron Innov Soc Transit. https://​doi.​org/​10.​1016/j.​eist.​2011.​04.​010

Vennix J (1996) Group model building: facilitating team learning using 
system dynamics. Wiley, New York

Walrave B, Raven R (2016) Modelling the dynamics of technological 
innovation systems. Res Policy 45(9):1833–1844. https://​doi.​org/​
10.​1016/j.​respol.​2016.​05.​011

Weber KM, Rohracher H (2012) Legitimizing research, technology 
and innovation policies for transformative change: combining 
insights from innovation systems and multi-level perspective in 
a comprehensive “failures” framework. Res Policy. https://​doi.​
org/​10.​1016/j.​respol.​2011.​10.​015

Wittmayer JM, Schäpke N (2014) Action, research and participation: 
roles of researchers in sustainability transitions. Sustain Sci 
9:483–496. https://​doi.​org/​10.​1007/​s11625-​014-​0258-4

Wolstenholme EF (1999) Qualitative vs quantitative modelling: the 
evolving balance. J Oper Res Soc 50(4):422–428

Yanow D, Schwartz-Shea P (2015) Doing social science in a human-
istic manner. In: Interpretation and method. Routledge, pp 433–
447. https://​www.​taylo​rfran​cis.​com/​chapt​ers/​edit/​10.​4324/​97813​
15703​275-​29/​social-​scien​cehum​anist​ic-​manner-​dvora-​yanow-​
pereg​rine-​schwa​rtz-​shea

Yücel G, Chiong Meza CM (2008) Studying transition dynamics via 
focusing on underlying feedback interactions. Comput Math 
Organ Theory. https://​doi.​org/​10.​1007/​s10588-​008-​9032-4

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.eist.2011.10.001
https://doi.org/10.1016/j.eist.2018.10.001
https://doi.org/10.1007/s11625-021-01080-0
https://doi.org/10.1016/j.techfore.2018.05.008
https://doi.org/10.1016/j.techfore.2018.05.008
https://doi.org/10.1023/A:1019019024003
https://doi.org/10.1023/A:1019019024003
https://doi.org/10.4324/9780203126523
https://doi.org/10.1016/j.ijggc.2024.104201
https://systemdynamics.org/what-is-system-dynamics/
https://systemdynamics.org/what-is-system-dynamics/
https://doi.org/10.1080/1523908X.2022.2049715
https://doi.org/10.1080/1523908X.2022.2049715
https://doi.org/10.1016/0959-3780(96)00015-5
https://doi.org/10.1023/A:1008317920901
https://doi.org/10.1016/j.eist.2011.04.010
https://doi.org/10.1016/j.respol.2016.05.011
https://doi.org/10.1016/j.respol.2016.05.011
https://doi.org/10.1016/j.respol.2011.10.015
https://doi.org/10.1016/j.respol.2011.10.015
https://doi.org/10.1007/s11625-014-0258-4
https://www.taylorfrancis.com/chapters/edit/10.4324/9781315703275-29/social-sciencehumanistic-manner-dvora-yanow-peregrine-schwartz-shea
https://www.taylorfrancis.com/chapters/edit/10.4324/9781315703275-29/social-sciencehumanistic-manner-dvora-yanow-peregrine-schwartz-shea
https://www.taylorfrancis.com/chapters/edit/10.4324/9781315703275-29/social-sciencehumanistic-manner-dvora-yanow-peregrine-schwartz-shea
https://doi.org/10.1007/s10588-008-9032-4

	Building on and contributing to sustainability transitions research with qualitative system dynamics
	Abstract
	Introduction
	Background sustainability transitions research and qualitative system dynamics
	Sustainability transitions research
	Qualitative system dynamics

	Benefits of combining qualitative system dynamics and sustainability transitions research
	Qualitative system dynamics encourages a broader system boundary
	Qualitative system dynamics encourages a higher degree of endogeneity
	Sustainability transitions research offers a rich collection of frameworks and theories that qualitative system dynamics can build on

	Conclusion
	Discussion, limitations, and suggestions for future research
	References


