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ABSTRACT 

The study aims to provide evidence of system methods that can be used in the policy cycle 
to address complexity and support systemic transitions through transformative innovation 
policy. To do so the study provides a review of system methods and an evaluation of their 
application and added value at the different stages of the policy cycle. It concludes with key 
some recommendations on how to ensure the uptake of system methods in the R&I policy 
cycle.  

1.1.1. Introduction 

Research and innovation (R&I thereafter) policies are faced with multiple and complex 
interconnected challenges, such as climate change, environmental degradation, and 
biodiversity loss, global health, and geopolitical crises. The COVID-19 pandemic has shown 
the vulnerabilities of our societies, including the effects that income, social, educational, and 
territorial differences, and inequalities play in the evolution of a crisis. But it has also 
revealed even more the weaknesses of our policymaking process, especially the obstacles 
created by a limited capability to think long-term, access to real-time data, agility and 
flexibility and a substantial resistance to change.  

Against this background, experts in the field of innovation studies have provided substantial 
arguments in favour of deep transformations of our societies and institutions (Geels, 2020; 
Schot and Steinmueller, 2018). Fostering systemic transitions goes beyond products and 
technologies and involves changes in broader sociotechnical systems, for example energy, 
mobility, and agriculture (Geels, 2004). Transforming society involves not just radically new 
technologies, but also social, business model and infrastructural innovation in broader 
sociotechnical systems, such as energy, mobility, and agriculture (Bolton and Foxon, 2015; 
Bolton and Hannon, 2016; Hoppe and de Vries, 2019; Van Waes et al., 2018).  

As R&I policies lie at the core of transformative change, this requires a different approach to 
R&I policy. Notably, an approach that considers the complex and interconnected 
challenges, needs, and interests characterizing systemic change. This recognition is 
conceptualized and practiced under the Transformative Innovation Policy (TIP) approach. 
TIP refers to a set of strategic measures aimed at promoting research and innovation 
activities that have the potential to fundamentally transform social, economic, and 
environmental systems. The primary goal of this policy is to create a more sustainable, 
inclusive, and resilient society by leveraging the power of science and technology to 
address complex societal challenges. To achieve this, TIP aims to promote long-term, 
strategic thinking and planning, rather than short-term, incremental changes as in the 
market-based approach to R&I. It encourages the development of bold and ambitious 
research agendas that are aligned with societal needs and priorities, and that can have a 
significant impact on society in the long run. Furthermore, this policy recognizes the 
importance of interdisciplinary collaboration and stakeholder engagement, which can help 
ensure that research and innovation activities are relevant, effective, and widely accepted. 

The policy cycle, which typically involves a linear progression from problem identification to 
policy evaluation, often falls short in addressing uncertainty in complex and interconnected 
problems that require systemic change (Haddad et al. 2022). As TIP aims to deal with this 
complexity, there is a need to adopt non-linear and complexity-based approaches that help 
to overcome policy silos. Therefore, to effectively support systemic change, the policy cycle 
can benefit from adopting system-based methods to enable iterative learning and adaptive 
policy development, evaluating the effects of different policy options (including those 
devised via stakeholders’ engagement), collaborative governance and cross-sectoral 
collaboration, and long-term policy orientation. 



 

4 

This study provides evidence on how to use systems methods at each stage of the R&I 
policy cycle to address complexity, overcome policy silos, and design policy for 
transformative change. To this purpose, the study reflects and elaborates on the policy 
cycle proposed in Haddad at al. (2022). Therefore, the paper will first provide an overview 
of what complexity is in systemic transitions, the difference between systems methods and 
methods that adopt a systems approach and the added value of using these methods. It will 
then move on with presenting the methodology used for the analysis and the results, which 
include a review of systems methods and their use at each stage of the policy cycle. Key 
recommendations aim to inform the future design and assessment of the European R&I 
Framework Programme 

2. What is complexity in systemic transitions? 

As argued in the introduction, TIP deals with the complexity of systemic transitions aimed at 
achieving a more sustainable society (SDGs) and addressing global challenges. These 
transitions are intricate processes involving numerous interdependent and interconnected 
elements. Complexity, in this context, refers to the intricate nature of these processes.  

In academia, there are various definitions of complexity, and this report does not favour one 
over the others. However, it is essential to adopt a solid and clear definition to assess 
system methods for use in the R&I policy cycle to design effective TIP. This report 
acknowledges the existence of multiple definitions of complexity in academia. Complexity 
should not be confused with complicated or sophisticated. For instance, while mobile 
phones are complicated and sophisticated, they do not represent complex systems. The 
inner workings of mobile phone technology are well understood, and their behaviour follows 
established causal pathways. If a mobile phone is complicated, then what is complex?  

To illustrate complexity, let us consider an innovation hub, like Silicon Valley, famous for 
consistently creating innovative technology (see figure 1 below). Figure 1 provides a basic 
illustration of a feedback loop between a university environment and an innovation hub. As 
the university environment becomes more innovative, it spills over into the local start-up 
ecosystem, fostering the growth of the innovation hub. In turn, the growth of the innovation 
hub attracts more students and faculty focused on innovative technology to the university 
environment.  

The pathways connecting different aspects within these hubs are complicated because the 
system's structure is constantly changing to promote innovation (known as emergent 
system behaviour). The interaction between individuals, infrastructure, policies, and other 
factors in an innovation hub is constantly changing. While comprehending the complexity 
within an innovation hub may be challenging, systemic approaches can help policymakers 
embrace complexity and influence behaviour within these systems. This example mirrors 
the dynamics of systemic transitions to address global societal challenges and sustainable 
development goals (SDGs). In fact, in both innovation hubs and socio-technical systems, 
numerous interacting parts contribute to the existence of even this simple feedback loop. 
These parts include economic factors, infrastructure, diverse stakeholders’ needs and 
interests, and notably, policy. In a systems approach, these interacting parts are referred to 
as system elements, often engaged in feedback relationships with one another. 
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Figure 1: Feedback loop between a university environment and an innovation hub. The + on the arrows 
indicate that the university environment and innovation hub grow together. 

Within complexity science, complexity is defined as the simple rules, patterns, structures, or 
regularities that give rise to complex behaviour. In this context, complexity is defined within 
the boundaries of a self-contained system. It focuses on the internal components, 
relationships, and dynamics of the system without considering the impact of external 
factors. Complexity, in this context, arises from the intricate relationships and interactions 
among the internal components of the system. In the context of the innovation hub 
example, this means that the interaction between system parts, as shown in Figure 1, leads 
to the emergence of innovative technology. This concept is known as behavioural 
emergence, where system parts work together to enable complex behaviour.  

However, there is another widely used definition of complexity called Complex Adaptive 
Systems (CAS). The CAS approach sees complexity as emerging from the interactions and 
exchanges between a system and its environment. It recognizes that a system is influenced 
by external factors and inputs from its surroundings, and it, in turn, can influence and 
impact its environment. In this approach, complexity arises from the dynamic interactions, 
feedback loops, and information flow between the system and its external environment. In 
the case of the Innovation Hub example, the CAS approach acknowledges that an 
innovation hub is influenced by its external environment and actively interacts with it, 
contributing to the emergence of complexity. 

Both definitions of complexity are relevant, even within the same example. This study 
evaluates system approaches that aim to address complexity as exemplified by the 
innovation hub scenario, using both definitions of complexity and only one. The term 
"system" implies that various aspects of a problem situation are interconnected through 
feedback mechanisms. Feedback loops represent reciprocal relationships between system 
elements. 

 Systems methods and methods that use a systems approach 

Within systems thinking, there are various approaches available for analysing systemic 
transitions. These approaches can be categorized into system methods and methods 
applied with a system approach. 

System methods are based on the understanding that reality comprises various 
components (such as individuals, institutions, environment, societies, artifacts) that have 
interconnected relationships, including feedback loops. On the other hand, methods applied 
with a systems approach do not inherently consider these interconnections. For instance, 
system dynamics modelling, and agent-based modelling exemplify the difference between a 
system method and a method that may not adopt a systems approach. While both 
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approaches have significant overlap in their evaluative applications, system dynamics 
modelling is a system method, whereas agent-based modelling may not inherently 
incorporate a systems approach. 

Let us take the innovation hub as an example. The feedback loop depicted in Figure 1 
above can be divided into distinct parts, namely the university environment and the 
innovation hub. These system components have interdependent relationships, including 
feedback loops. When assessing this scenario using a system method like system 
dynamics modelling, the outcome would reveal the strength or weakness of this interaction 
(i.e., feedback loop). If the outcome indicates a weak interaction that hinders the growth 
and evolution of the innovation hub, policy interventions become necessary to support its 
development. On the other hand, methods with a systems approach, such as agent-based 
modelling, do not directly evaluate the strength and weakness of the interaction between 
two system elements. However, they can assess other outcomes. For example, in the 
context of an innovation hub, agent-based modelling could examine how individuals within 
a university environment, considering their geographical locations, interact with a start-up 
environment to foster innovation. The results could indicate insufficient interaction among 
these actors, thereby highlighting the need to develop policies that enhance their interaction 
and drive innovation. 

In the section 3, the PRISMA method for systematic literature review will be used to scan 
the literature and present the characteristics and usefulness of four commonly used 
methods for evaluating policies related to systemic transitions. The selection of these 
methods was a collaborative effort involving the European Commission. The chosen 
methods include: 

• System dynamics modelling 

• Agent-based modelling 

• Causal loop diagrams/system mapping 

• Strategic foresight 

Among these methods, system dynamics modelling, and causal loop diagrams/system 
mapping are classified as system methods. The remaining methods require an additional 
step to apply a systems framework. 

 The added value of systems methods to address complexity in 
systemic transitions 

Systems methods are a powerful tool for designing transformative innovation policy as they 
provide a holistic understanding of the complex system in which the policy intervention will 
be implemented. By mapping out the system, it is possible to identify the various actors, 
institutions, and processes that shape the innovation ecosystem and their interconnections. 
This understanding is crucial for designing effective policy interventions that address the 
root causes of the challenges facing the innovation ecosystem and promote transformative 
change. 

Using systems mapping can help policymakers to: 

1. Better understand and navigate the complexity and uncertainty inherent in 
transformative innovation processes. Transformative innovation policy deals with 
complex and uncertain challenges that cannot be adequately addressed through 
linear, predictable processes. The traditional linear approach often fails to capture 
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the intricate dynamics, interconnectedness, and emergent properties of complex 
systems.  

2. Align the policy cycle with the non-linear nature of innovation, enabling more 
adaptive and responsive interventions. Innovation itself is a non-linear process 
characterized by feedback loops, nonlinear relationships, and unexpected 
outcomes. Linear policy approaches may not effectively accommodate the dynamic 
and iterative nature of innovation. 

3. Develop a shared understanding systemic transition process among stakeholders, 
including policymakers, researchers, and practitioners, via active participation and 
collaboration among these stakeholders, facilitating co-creation and co-production 
of knowledge. This shared understanding can facilitate collaboration and increase 
the likelihood of successful policy formulation and implementation. 

4. Incorporate new information, evaluate policy outcomes, and adjust interventions, 
accordingly, fostering continuous improvement and adaptability. Transformative 
innovation policy requires continuous feedback and learning to adjust strategies 
and approaches as new knowledge and insights emerge. Systems approaches 
facilitate feedback loops, iterative processes, and learning cycles within the policy 
cycle.  

5. Anticipate unintended consequences and deal with uncertainty by mapping out 
interactions and interdependencies among various elements of the innovation 
ecosystem. This helps with identifying potential unintended consequences of policy 
interventions, such as unintended negative effects on other parts of the system. 
This can help to develop policies that are more resilient and less prone to 
unintended consequences. 

6. Design policies that are adaptive and can respond to changes in the innovation 
ecosystem over time. By understanding the feedback loops and dynamics of the 
system, policymakers can design policies that can adjust to changing 
circumstances and promote transformative change. 

In summary, systems methods are a valuable tool for designing transformative innovation 
policy as they provide a comprehensive understanding of the complex innovation 
ecosystem and help to identify the key leverage points for policy interventions. They can 
help to develop shared understanding, anticipate unintended consequences, and design 
adaptive policies. 

3. Methodology 

The systematic literature review conducted in this report follows PRISMA (2020), as 
outlined by Page et al. (2021). Originally designed for evaluating the effects of health 
interventions, the PRISMA approach to conduct systemic literature review provides a 
framework and standards for systematic literature reviews. By adhering to these standards, 
this study aims to ensure the trustworthiness and applicability of the findings. To enhance 
transparency, this report is structured around the PRISMA checklist. 

Application of the PRISMA methodology involved conducting a literature review using the 
SCOPUS global citation database in December 2022. The search query employed a 
combination of keywords related to different method types, such as system dynamics 
modelling, agent-based modelling, causal loop diagrams, system mapping, discrete event 
simulation and strategic foresight using a systems approach. The inclusion of the term 
“complexity science” aimed to avoid generic references to complexity. To expand the scope 
to include papers focusing on transformative innovation policy (TIP), both “research policy” 
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and “innovation policy” were included as search terms. The search targeted studies that 
utilized a systems approach to address complexity in the context of TIP. 

The inclusion criteria can be summarized as follows: 

• Utilization of a method to address complexity 

• Application of a systems approach 

• Focus on some part of the TIP life cycle 

• Publication in English 

• Presentation as an academic article or book chapter (excluding conference papers 
and dissertations) 

• Methodological contribution rather than solely application outcomes 

The systematic literature review comprised three stages. In Stage 1, an initial search 
yielded 119 potential papers. In Stage 2, abstracts were screened to determine compliance 
with the inclusion criteria. After excluding 45 papers, 75 remained. Among the eliminated 
papers, the majority focused on application outcomes rather than methodological 
contributions. Stage 3 involved a critical reading of the remaining papers to identify themes 
and outcomes relevant to answering the research question. Out of the 75 papers, 49 met 
the inclusion criteria and were considered for further analysis and evaluation. 

Efforts were made to manage bias and limitations in the review process. Transparency was 
maintained by discussing the search terms with the European Commission, and a 
comprehensive database (SCOPUS) was used to minimize access bias. To ensure reliable 
results, SCOPUS, a reputable database, was used, and only peer-reviewed publications 
were considered. 

4. Results: system methods for TIP to address the complexity of 
systemic transitions 

This section presents the result of the literature review and emphasizes a) key features b) 
understanding of complexity c) use case application. 

 Introduction to four system methods 

As previously mentioned, four systems methods and methods that use a systems approach 
have been analysed, i.e., causal loop diagramming and systems mapping; system 
dynamics simulation; agent-based modelling; strategic foresight. Causal loop diagramming 
and systems mapping, and strategic foresight are qualitative methods. System dynamics 
simulation and agent-based modelling are quantitative.  

The two quantitative methods are simulation modelling methods, meaning they create a 
simulation of how behaviour happens over a period of time. These simulation methods have 
a lot of overlap regarding the problem context they can be applied to, but each has its own 
strength, which is evaluated in a policy context in the discussion section of this report. 
Simply put however, system dynamics modelling (1) is strong in the evaluation of feedback 
relationships (for example, feedback loops) and agent-based modelling (2) has strengths in 
individual agency and how something moves in space/geography (for example, migration). 
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Causal loop diagrams (3) are qualitative and are sometimes referred to as system mapping, 
though causal loop diagrams map system feedback loops as causal pathways, and system 
maps can just be generic relationship diagrams of how parts relate to each other to make 
up a whole. Causal loop diagrams/system maps are the most direct way to connect 
qualitative methods with quantitative system methods because simulation models can use 
them as a foundation/framework to build the mathematics. Of the qualitative methods, 
strategic foresight (4) is well-established in policymaking environments. However, this 
report specifically evaluates how it is used with a systems approach, which is not 
comprehensively understood.  

Summary of the methods included as part of the systematic literature review: 

• System Dynamics Modelling – top-down (stock and flow) approach to evaluating 
system behaviour based on ordinary differential equations 

• Agent-Based Modelling – bottom-up (individual agents) approach to evaluating 
behaviour emergence 

• Causal Loop Diagrams/System Mapping – qualitative system diagrams that can 
focus on feedback relationship (causal loop diagrams) or generic system 
relationships  

• Strategic Foresight – qualitative planning method in futures studies. 

4.1.1. Systems mapping and causal loop diagramming (CDL) 

System mapping and other terms such as transdisciplinary multistage system modelling 
(Satalkina et al., 2022) are terms that generally fall into the qualitative system analysis 
category of causal loop diagrams. Both causal loop diagrams and systems mapping serve 
as powerful tools in systems thinking to visually represent and analyse the relationships and 
feedback loops within a complex system.  

As mentioned in section 2.2, causal loop diagrams (CLDs) depict causal relationships 
among different components or variables within a system. Causal loop diagrams (CLDs) 
are visual representations of the causal relationships between different variables or factors 
within a system. They help in understanding the feedback loops and dynamics that exist 
within a system. In a CLD, variables are represented as nodes, and the causal relationships 
between them are represented by arrows indicating the direction of influence. Positive (+) 
and negative (-) signs on the arrows show the nature of the relationship (i.e., whether it is 
reinforcing or balancing). CLDs are useful for mapping out the structure and interactions of 
a system, identifying feedback loops, and gaining insights into the behaviour of a system. 

In the literature, CLDs were sometimes discussed as input to developing simulation with 
system dynamics modelling. In Cisnetto and Barlow (2020), they use “qualitative system 
dynamics” as a system map, which is stock and flow modelling without the mathematics to 
run a simulation. Crielaard et al. (2022) specifically discusses how this qualitative to 
quantitative transfer is done in a tutorial-like paper. The same in Palmer et al (2022). This 
paper also discusses how valuable this is for inclusive modelling, where causal loop 
diagrams can be developed in workshops/interviews with stakeholders so that their 
knowledge is represented in the system map.  

Systems mapping, on the other hand, is a broader term that encompasses various 
graphical representations of system relationships. While causal loop diagrams specifically 
focus on causal connections and feedback loops, systems mapping can include other types 
of relationships and dependencies within a system. Systems maps can be generic 
relationship diagrams that illustrate how different components of a system relate to each 
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other to form a coherent whole. They provide a visual representation of the structure and 
dynamics of a system, enabling a holistic understanding of the system's functioning. 

Both causal loop diagrams and system maps been successfully employed in inclusive 
modelling processes to gain a better understanding of problems and develop shared 
solutions (e.g., through workshops) (Haynes, et al., 2020). The relationship between causal 
loop diagrams, participatory modelling, and system dynamics modelling has a strong 
history, particularly through group model building (Vennix, 1999) and community-based 
system dynamics (Hovmand, 2014). By utilizing causal loop diagrams and system maps in 
collaboration with stakeholders, there is an opportunity to include stakeholder knowledge 
systematically and systemically to produce knowledge and change in transformative 
innovation policies. This approach not only addresses the methodological gap related to the 
lack of stakeholders’ inclusion but also embraces system complexity and enables modelling 
from transdisciplinary perspectives (Comunian, 2019). 
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A case study of causal-loop diagrams for systemic transitions 

Palmer et al. (2022) used CLD to investigate how political lobbying, citizens' acceptance, and 
technological lock-in impact the development of a substitution bioeconomy, specifically 
focusing on protein substitution. The authors make clear that the CLD is the basis for 
quantitative simulation. In this context, substitution refers to replacing traditional products 
with facsimile alternatives derived from renewable feedstocks through advancements in 
biotechnology. While this approach produces biologically identical products, it requires a 
complete reconfiguration of the value/supply chain. For instance, synthetic dairy protein can 
replace milk production by utilizing sugar beet, forestry, or urban food waste as a sugar 
source. Through the conversion of sugar into milk proteins using specific yeast strains, this 
transition leads to the loss of dairy farmers and associated industries, replaced by a simpler 
value/supply chain centered on sugar production. 

 

The study recognizes that political lobbying is not the sole driver of the substitution 
bioeconomy's development but provides an analysis of potential systemic political influences. 
Technical challenges, such as the lack of market-ready products and the need to address 
bioreactor capacity and processing facilities, also require attention. Given the absence of 
regulations and the potential for rapid growth in synthetic proteins, the study highlights the 
significant role of lobbyists at this stage. The diverse nature of synthetic protein 
advancements across sectors presents challenges, as different lobbying groups exist for the 
medical, pharmaceutical, and food sectors. This difference may hinder financial incentives 
for further technological development in the food industry. 

The study suggests that the complex industry loop structure increases the likelihood of a 
food substitution bioeconomy becoming a reality sooner than expected. Furthermore, it 
indicates that political lobbying has limited influence on the outcome. Consequently, 
policymakers are urged to prioritize addressing technical challenges and developing 
regulations that account for the rapid growth in synthetic proteins. 

 

 

 

Figure 1: Causal Loop Diagram of Policy and Political Lobbying in Bioeconomy/Energy Transitions 
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4.1.2. System dynamics modelling 

System dynamics modelling in practice rather than theory uses a complexity science 
definition of complexity with its focus on feedback (e.g., Spelta et al, 2021). Carvalho et al. 
(2019) is explicit about this complexity science definition and explains how system 
dynamics modelling is particularly useful for evaluating “thresholds”, which in this paper is 
defined as the transition from one policy life cycle stage to the next.  

System Dynamics (SD) simulation is a computer-based modelling approach used to 
analyse and understand complex systems over time and design effective policy 
interventions to facilitate change (e.g., Spelta et al, 2021; Carvalho et al. 2019). It extends 
the insights gained from causal loop diagrams by allowing for the examination of the 
system's behaviour in a dynamic and numerical manner. System dynamics models typically 
include variables, equations representing the relationships between variables, and 
numerical values for parameters. These models simulate the behaviour of the system over 
time, considering factors such as feedback loops, delays, and nonlinearities. By running 
simulations, one can observe the long-term behaviour of the system, test different 
scenarios, and evaluate the impacts of various interventions or policies. For instance, as 
socio-technical transitions are processes of change in a system from one state to another 
(e.g., a transition from a fossil fuel-based energy system to a renewable energy-based 
system), SD simulation can be used to model their dynamic evolution and test the potential 
impact of different policy options as the system develops in a quantitative way 
(Selvakkumaran and Ahlgren, 2020).  

The main added-value of system dynamics simulation is that it supports policymakers to 
make science-based decisions for the most effective policy intervention 
(Selvakkumaran and O. Ahlgren, 2020). In this perspective, another benefit of system 
dynamics simulation is that it can help policymakers to develop more robust and adaptive 
strategies for managing systemic transitions over the long term. By exploring different 
scenarios and testing different policies in a virtual environment, policymakers can gain a 
deeper understanding of the underlying drivers of change and the potential barriers to 
transition. This can inform the development of more effective policies and strategies that 
are better able to address complex and dynamic challenges. 
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A case study of system dynamics modeling for systemic transitions 

Freeman 2021 discusses the challenge of transitioning to a net zero greenhouse gas 
emissions national energy system by 2050. While the need for such a transition is well-
established, achieving it is complicated by political and economic pressures. Policy makers 
have various tools, such as taxes, subsidies, and regulation, to influence the transition, but 
they may face implementation difficulties. These difficulties arise due to uncertainties in 
evaluating policy outcomes and lack of control over implementation. This paper moves 
beyond the traditional energy system models to consider factors such as innovation, social 
acceptance, and political struggles. It develops an energy systems transition model called 
TEMPEST, which models energy, emissions, and political and social factors all together, to 
analyze the feasibility of UK’s net zero target achievement. 

 

  

The TEMPEST model, despite needing further validation and new evidence, offers valuable 
insights for policymaking, including a conceptual understanding of socio-political-
technological feedbacks in the energy transition process and the roles of political and societal 
factors. It also provides an estimate of socio-political uncertainty in achieving the net zero 
target, highlighting the need for responsive and agile policymaking. The model identifies risks 
stemming from unhelpful feedbacks between societal actors and the government, 
emphasizing the importance of proactive risk mitigation. Furthermore, it underscores the 
significance of having sufficient political capital (PolCap) in the early stages of the energy 
transition, which can greatly enhance the process and minimize disruption. 

 



 

14 

4.1.3. Agent-based modelling 

Agent-Based Modelling (ABM) is increasingly being recognised as a suitable tool for 
studying complex societal challenges such as energy transitions. Agent-based modelling 
papers used a complexity science definition of complexity even when it was not explicit – 
focusing on how simple patterns lead to the emergence of complex behaviour (e.g., 
Fraccascia, 2020; Vermeulen and Pyka (2016); Deffuant et al. (2012). There are however 
agent-based modelling papers that are explicit in their complexity science definition (e.g., 
Polhill et al., 2021). Some agent-based modelling papers used a systems approach and 
defined their systems approach as a CAS approach, but complex, dynamic feedback 
structures (e.g., feedback loop dominance) are not systemic features that can be easily 
evaluated by agent-based models (e.g., Massari and Giannoccaro, 2021; Jiang et al., 
2020). However, Jiang et al. (2020) address structural dynamics in a CAS by having a 
three-layered model. 

Given these complexity science features, the application of ABM to the study of socio-
technical systems is particularly promising as it allows to better understand the co-evolution 
of technical and social elements of a system, and the results of their interactions (Hansen et 
al 2016). More specifically, ABM is useful to analyse actors’ behaviours and interactions 
within socio-technical systems and to understand how these interactions affect the 
transition process towards a sustainable society. For instance, in the context of energy 
transitions, one would have to specify the social and technical elements in a model, as well 
as the way they interact. These specifications may vary depending on the study’s goals. 
One may for example imagine individual households influencing each other’s opinions or 
attitudes about a certain technology; or, in contrast, government actors and private firms 
making investment decisions depending on other actors’ past performance (Bale et al. 
2015). The policy implication of this is that AMB allows to identify policy measures for most 
effectively supporting interactions between actors and technologies and the upscaling of 
transitions. 

Agent-based modelling for systemic transitions 

The effect of policy interventions on the upscaling of niche innovations is a central concern 
in the Policy and Planning topic area. 

 

Using the study conducted by Busch et al. (2017), we can see how institutional barriers 
(and the removal thereof) can affect the upscaling of local energy infrastructure. The study 
highlights that the development of energy infrastructure involves complex decision-making 
processes, with multiple actors ranging from companies to citizens and public authorities 
and who have different capabilities to make decisions. In this case, policies should consider 
that different actors may need support at different stages of the decision-making process 
and thus foresee specific actions for different target groups. Connectedly, the study points 
out that spaces for learning should be activated to support different actors working together 
for the upscaling of innovations. 
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4.1.4. Strategic foresight 

In the context of sustainability research, future-oriented thinking is crucial given the 
magnitude of necessary change, which calls for systemic transformations rather than minor 
adjustments. The normative and political nature of sustainable development emphasizes 
the importance of designing collective pathways for change towards desirable outcomes. 
Foresight methodology proves valuable in fostering an inclusive and future-oriented policy 
formation process, engaging both governmental and non-governmental stakeholders, 
including industry and expert groups. This participatory approach allows for the construction 
of shared and desirable future scenarios, shaping policy directions. 

Strategic foresight papers commonly address complexity by employing a complex adaptive 
systems (CAS) framework. While some papers implicitly adopt a systems approach without 
explicit mention, others explicitly acknowledge and advocate for the value of a systems 
approach within strategic foresight (e.g., Pouru-Mikkola et al., 2023). For instance, 
Janzwood and Piereder (2019) discuss structural levels as a representation of system 
architecture. However, not all strategic foresight papers utilize a CAS definition. Corporate 
foresight, as exemplified by Fergnani (2022), adopts an implicit systems approach with an 
explicit definition grounded in complexity science, similar to agent-based modelling. 
Fergnani highlights the ability of corporate foresight to embrace complexity in future 
scenarios, surpassing the limitations of planning studies. Strategic foresight analysis, 
particularly when utilizing a CAS definition, offers advantages over quantitative methods. It 
allows for a systematic examination of structural dynamics, which are challenging to 
address through approaches like agent-based modelling and system dynamics modelling. 

Foresight contributes to the decision-making process in three ways: a) fostering openness 
to diverse future possibilities; b) involving a range of stakeholders; and c) maintaining a 
policy orientation. Through citizen and stakeholder engagement in the deliberative process, 
a better understanding of interconnections among factors such as renewable energy 
technologies, health, biodiversity effects, and climate change can be gained. Piirainen and 
Gonzales (2015) provide an influential paper that evaluates the theoretical foundations of 
strategic foresight, offering practical applications to different stages of the transformative 
innovation policy cycle. They emphasize that foresight is not only a knowledge creation 
activity and process but also a social and organizational intervention that enables 
envisioning the future of sociotechnical systems. 
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This understanding can support public acceptance of new technologies and alternatives, 
while enabling informed consent for a more sustainable future trajectory. Additionally, 
governments can enhance transparency regarding the roles of diverse stakeholders in the 
transition process, including the identification of influential narratives. This opens 
opportunities for a more democratic decision-making process (Mao et al., 2020). Moreover, 
foresight can be used in combination with systems mapping or system dynamics modelling 
as it provides the scenarios to be tested through inclusive causal loop diagramming or 
longitudinal simulations. 

 

 Embedding system methods in the R&I policy cycle 

This section will reason on how the methods presented above can be embedded in the 
Transformative Innovation Policy cycle and to what use. To this purpose, this section 
elaborates on the TIP policy cycle based on studies such as Haddad et al. (2022). By 
applying a systems approach, the TIP cycle can be described as a system – meaning that it 
can be broken up into smaller components, and these components have a relationship with 
one another, (e.g., mutual interrelationships or feedback loops). In addition to system 
components and their relationships, there is also the element of time. Policy systems have 
a life cycle (Table 1). 

 

Strategic foresight for systemic transitions 

Hall et al. 2022 propose a process for conducting business model research in the socio-
technical systems field. The authors acknowledge the thriving nature of business model 
work in the field, which provides valuable insights into the role of business models in 
enabling or constraining transitions. However, they highlight a lack of replicable processes 
for conducting business model research and suggest that Strategic Foresight and Human-
Centered Design can bring clarity to this area. 

The proposed process is demonstrated through its application in the Utility 2050 project. It 
involves using a strategic foresight approach to connect business model work with energy 
scenarios, considering multiple futures. Horizon scanning and rapid prototyping are 
employed to develop hypothetical business models that better align with the energy 
transition. Viability, feasibility, and desirability assessments are conducted to evaluate these 
business models in terms of user acceptance, technological feasibility, and institutional 
compatibility. Insights gained from the assessments are then synthesized through a 
decision theatre approach involving international experts, leading to the identification of 
priorities for energy policy. 

The policy lessons from this study emphasize the need for replicable processes, the 
integration of strategic foresight and human-centered design, aligning business models with 
transition goals, robust evaluation of alternative models, engaging international experts, and 
adopting an iterative approach in policymaking. Especially, Strategic foresight through broad 
stakeholders’ engagement can help explore multiple future scenarios, allowing for more 
comprehensive and adaptable policy strategies. Human-centered design ensures that policy 
interventions consider the needs and preferences of users, enhancing the effectiveness and 
acceptance of implemented measures. Implementing these lessons can enhance the 
effectiveness and impact of policy interventions supporting business model innovation in 
sustainability transitions. 
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 Early to Advanced, Iterative Policy Life Cycle Stages 

TIP policy 
life cycle 
with a 
systems 
approach 

Concept Design Development Implementation Participatory 
Evaluation & 
Maintenance 

Table 1: Policy life cycle stages with systems 

The concept stage determines a shared vision with stakeholders regarding policy goals. 
Once the policy goal is understood, the design stage details what the policy strategy is and 
what the policy instruments will be to achieve the policy goal. The development stage 
includes writing and approving policy. Success in the implementation stage is a difficult 
process, and a systems approach can be helpful because of how it operationalizes 
stakeholder reactions to policy instruments both before and after they have been 
implemented – i.e., it evaluates how policy becomes embedded in social/sociotechnical 
systems. This gives policy much greater potential for successful implementation because it 
evaluates how existing system relationships are (un)changed by the policy instrument and 
how this affects policy system behaviour. This is also important in the participatory 
evaluation and maintenance stage, where the reality of policy instrument implementation 
becomes apparent, and system modelling and analysis can support adjusting course in 
policy strategy to achieve policy goals, i.e., reflexivity. Maintenance means that policy 
analysis is constantly updated. With participatory evaluation, there is some sort of 
stakeholder engagement used as part of this updating.  

Figure 1 below shows at which stage of the TIP cycle the different system methods can be 
used and to what purpose.  
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Figure 2: System Methods Addressing Complexity in the TIP Life Cycle (Authors’ representation) 

 

The quantitative methods on the outside rings are supported by the qualitative inner rings, 
which provide stakeholder engagement throughout the TIP life cycle. In each of the TIP life 
cycle stages, there are the strengths of each method for addressing complexity. Some of 
these strengths overlap between methods, for example, system dynamics modelling, and 
agent-based modelling have duplicates strengths except in the Design and Development 
stages. There are duplicate strengths for different stages for the same method as well, for 
example causal loop diagrams/system methods uses stakeholders for data and validation in 
the Development, Implementation and Participatory Evaluation and Maintenance stages. 

More in details, causal loop diagrams and other forms of qualitative system mapping can be 
threaded through each of the TRIP life cycle stages for stakeholder engagement. Strategic 
foresight can be used to do the same but with different strengths/purposes. Agent-based 
modelling and system dynamics modelling can be combined with strategic foresight or 
system mapping for conceptual analysis (theoretical modelling and analysis). System 
dynamics modelling can be used as a policy design tool to support stakeholder 
engagement sessions. Together with agent-based modelling, system dynamics can be 
used in the development, implementation, and maintenance&evaluation stages of the policy 
cycle. They can support policymakers with a) testing different policy options to reach the 
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expected impacts (development); b) doing a reality check on the effects of the adopted 
policy intervention(s) on stakeholders’ and policy system’s behaviour to see how these 
have been impacted by policy interventions; c) adjusting the policy design based on actual 
impacts on the transition process. The potential for innovation in complex systems, such 
TIP, and systemic transitions, is greater if strategic foresight is used as well. Group 
modelling building and community-based system dynamics elucidate individual and 
community level knowledge as systems. Strategic foresight complements this to provide 
structure for visioning based on external knowledge (e.g., trends) and in the development of 
strategy.    

In an example of a project evaluating complexity in the TIP life cycle using systems 
methods, we can use Figure 1 above to plan the research design and justify how the 
system methods chosen address complexity in the life cycle. For stakeholder engagement, 
there is a choice between system mapping and strategic foresight, but both can be used for 
their complementary strengths. This is also true for system dynamics modelling and agent-
based modelling. The table below is an example of one possible combination of methods 
that includes both qualitative and quantitative methods and allows for maximum stakeholder 
engagement throughout the TRIP life cycle.  

Concept Design Development Implementation Maintenance 

Strategic 
Foresight –
Visioning 

System 
Mapping with 
System 
Dynamics – 
system design 
tool using 
qualitative 
stakeholder 
date 

Integrated 
System 
Dynamics and 
Agent-Based 
Model for the 
evaluation of 
both feedback 
and space 

Strategic Foresight: 
Backcasting/strategy 
as input into 
quantitative modelling 
and scenario building 

 

System Mapping – 
Validation of SD/ABM 
model design and 
quantification 
together with 
stakeholders 

Development of 
a policy 
simulator, 
where the 
integrated 
system 
dynamics and 
agent-based 
model has a 
user interface 
that allows 
stakeholders, 
including 
policymakers to 
interact with it 
as a decision 
support tool.  

 

Table 2 Example methodological design using Figure 1 

5. Conclusions and policy implications 

The complicated nature of system transitions calls for a specific policy approach designed 
to deal with and manage this complexity. This approach, called Transformative Innovation 
Policy (TIP), has been suggested from experts in the field. However, the TIP approach still 
uses a liner approach to the policy cycle. The usual policy cycle goes from identifying 
problems to evaluating policies in a straight line, but it has limitations in dealing with the 
uncertainty of complex issues in the European Union's Research and Innovation (R&I) 
sector. To overcome these limitations, a different, non-linear approach is proposed that 
uses systems methods throughout the TIP life cycle. This approach helps policymakers 
create better policies that address the root causes of problems and have positive effects in 
various areas. Moreover, when evaluating policies, using systems-based methods gives a 
more complete understanding of their effectiveness and impact. Instead of just looking at 
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short-term results, evaluators can see how policies interact with the larger system and 
identify any unintended consequences or feedback loops that may occur. 

Combine qualitative and quantitative system methods to address complexity in the different 
stages of the TIP life cycle 

To effectively address complexity in the Transformative Innovation Policy (TIP) life cycle, 
policymakers should integrate qualitative and quantitative system methods. This integration 
enables a comprehensive analysis of complexity in socio-technical systems transitions and 
facilitates the formulation and adjustment of TIP to meet emerging needs. By combining 
qualitative and quantitative approaches, policymakers gain a deep understanding of 
complex dynamics. Employing diverse system modelling types for simulation provides an 
advantage over relying on a single approach. For example, strategic foresight scenarios 
can be tested using system dynamics, systems mapping, or agent-based modelling, 
depending on the analysis focus. These simulations explore different aspects of complexity, 
such as socio-technical, market, and political dynamics, and actor behaviours. 

Integrating these models or evaluating different policy system components enhances the 
evaluation of complexity within systems. This comprehensive understanding offers 
policymakers multiple entry points for interventions. Policy instruments can address 
behavioural and mindset changes, provide incentives, or adapt regulations. Integrating 
system methods creates spaces for policy learning, allowing experimentation and testing 
before implementation. This tailoring process aligns policies with societal and stakeholder 
needs, accelerating transitions toward sustainability. Maintaining integrated models 
throughout the policy life cycle is crucial. This ensures ongoing assessment, refinement, 
and adaptation of interventions based on emerging insights and knowledge. Continual 
utilization of integrated models fosters a dynamic and adaptive approach to transformative 
innovation policy, effectively addressing complexity and driving sustainable transitions. 

Use participatory system methods that are established as system methods 

To enhance policy learning and experimentation in the Transformative Innovation Policy 
(TIP) life cycle and better respond to stakeholder needs, it is recommended to utilize 
participatory system methods that have an established systems approach. Leveraging 
participatory simulation methods, such as causal loop diagrams, offers significant 
advantages as they seamlessly integrate with system modelling and simulation techniques. 
These participatory system methods enable policymakers to engage stakeholders 
effectively throughout the policy cycle, allowing their valuable contributions to be 
incorporated into the development and testing of policy interventions for desired outcomes. 
It is crucial to establish participatory system methods in policy evaluation, ensuring that 
stakeholders are involved in all stages of the policy cycle. Their active involvement in 
building and testing the effectiveness of policy interventions fosters a collaborative and 
inclusive approach. 

One effective approach is the establishment of living labs, where stakeholders regularly 
interact with modelers over the entire policy life cycle. These living labs provide a semi-
permanent environment that facilitates a deep understanding of emergent needs and 
enables policy testing through simulation. By incorporating participatory simulation methods 
within living labs, policymakers can drive the development of a transition process by 
continuously refining and adapting policies based on stakeholders' inputs and insights. 
Incorporating participatory system methods throughout the policy cycle, particularly by 
using living labs, creates an environment for ongoing collaboration, learning, and 
experimentation. This approach empowers stakeholders to actively shape policy 
interventions and ensures that policies align with their needs and aspirations. By embracing 
participatory system methods, policymakers can foster a more inclusive, transparent, and 
effective TIP process, ultimately driving transformative change towards sustainable 
outcomes. 
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Use system dynamics simulation for ex-ante impact assessment 

To enhance evidence-based decision-making and improve the effectiveness of policy 
interventions, it is recommended to incorporate system dynamics simulation as a core 
component of the ex-ante impact assessment process. System dynamics simulation offers 
a comprehensive and dynamic approach to understanding complex policy environments, 
enabling policymakers to anticipate potential outcomes and make informed choices. Key 
recommendations for the use of system dynamics simulation in ex-ante impact assessment 
are: 

• Foster capacity building by investing in training programs and resources to build 
the capacity of policymakers and analysts in system dynamics modelling and 
simulation techniques. This will ensure that policymakers have the necessary skills 
to develop and interpret system dynamics models and leverage simulation results 
effectively. 

• Promote the development of robust system dynamics models that accurately 
represent the complexity and interdependencies of the policy context. Collaborate 
with experts and stakeholders to identify relevant variables, feedback loops, and 
key policy levers that drive system behaviour. Model transparency and accessibility 
should be prioritized to enable replication and validation by independent experts. 

• Foster multi-stakeholder engagement throughout the model development and 
simulation process. Encourage the active participation of policymakers, experts, 
and affected stakeholders to ensure diverse perspectives are considered, 
increasing the model's validity and policy relevance. Stakeholder input should be 
sought during scenario creation, parameterization, and result interpretation stages. 

• Improve data availability and quality for model input parameters. Collaborate with 
relevant agencies and stakeholders to gather accurate and up-to-date data to drive 
the system dynamics models. Enhance data-sharing mechanisms and explore 
innovative approaches such as open data initiatives and data partnerships to 
improve data access and reliability. 

• Conduct comprehensive sensitivity and uncertainty analyses to understand the 
robustness of simulation results. Assess the impacts of plausible variations in key 
assumptions, parameters, and initial conditions on policy outcomes. Communicate 
the findings of these analyses transparently to policymakers, highlighting areas of 
high uncertainty and potential risks. 

• Utilize simulation results to inform an iterative policy refinement process. Regularly 
evaluate the effectiveness of proposed policies, considering insights gained from 
the simulation. Foster collaboration between policymakers, analysts, and 
stakeholders to identify areas for policy adjustments or alternative interventions 
that improve policy outcomes and mitigate unintended consequences. 

• Establish mechanisms for ongoing learning and improvement in system dynamics 
modelling and simulation. Encourage knowledge exchange and collaboration 
among policymakers, researchers, and practitioners to share best practices, case 
studies, and lessons learned. Develop a feedback loop between simulation results 
and policy evaluation to continuously enhance the accuracy and relevance of the 
models. 

By integrating system dynamics simulation into the ex-ante impact assessment process, 
policymakers can make evidence-based decisions that account for the complexity and 
dynamics of policy environments. This approach enables a more comprehensive 
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understanding of policy impacts, facilitates the identification of effective interventions, and 
improves the overall effectiveness and efficiency of policy measures. 

Provide training on the use of system-methods and how to combine them in the policy 
cycle: 

To enhance the capacity of policymakers in utilizing systems thinking and systems methods 
in the policy cycle, it is crucial to provide comprehensive training that combines theoretical 
knowledge and practical skills. This training should involve collaboration with experts in 
systems thinking and engagement with various stakeholders. The following actions can be 
taken to deliver effective training: 

• Conduct Workshops and Seminars: Organize workshops and seminars to 
introduce policymakers to the key concepts and principles of system-based 
methods. These sessions should include interactive exercises that allow 
policymakers to map out the components of complex policy issues, identify 
feedback loops, leverage points, and potential unintended consequences. 

• Utilize Tools and Techniques: Train policymakers in using specific tools such as 
causal loop diagrams, stock and flow diagrams, and system dynamics models. 
These tools enable policymakers to capture the complexity and interdependence of 
policy issues. Experts in systems thinking can assist in developing more 
sophisticated models that reflect the intricacies of real-world problems. 

• Implement Scenario Planning: Incorporate scenario planning exercises into the 
training program. Policymakers should learn how to develop and assess different 
scenarios to explore the potential impacts of various policy interventions. 
Workshops and exercises can provide firsthand experience in scenario 
development and outcome assessment. 

• Collaboration with Evaluators and Experts: Foster collaboration between 
policymakers, evaluators, and experts in system-based methods. This 
collaboration is essential for developing evaluation frameworks that effectively 
capture the complexity and interdependence of policy issues. Policymakers should 
be encouraged to work closely with evaluators to ensure robust evaluation 
processes aligned with system-based thinking. 

Overall, the training program should be a long-term endeavour that requires sustained 
commitment and adequate allocation of resources. By equipping policymakers with the 
knowledge and skills to apply system-based methods, it is possible to develop more 
effective and sustainable policies that address root causes and generate positive outcomes 
across multiple domains. Training sessions should provide policymakers with practical tools 
and insights to navigate the complexities of policymaking, fostering a culture of systemic 
thinking and evidence-based decision-making. 
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The study aims to provide evidence of system methods that 
can be used in the policy cycle to address complexity and 
support systemic transitions through transformative 
innovation policy. To do so the study provides a review of 
system methods and an evaluation of their application and 
added value at the different stages of the policy cycle. It 
concludes with key some recommendations on how to 
ensure the uptake of system methods in the R&I policy 
cycle.  
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