


Technological Innovation System Analyses and Sustainability Transitions: Literature Review

Dagmara Weckowska [footnoteRef:1]ab, Daniel Weissb, Carsten Schwäbeb, Carsten Dreherb [1:  Corresponding author: Dagmara Weckowska, Responsible and Sustainable Innovation, Freie Universität Berlin, Thielallee 73, 14195 Berlin (Germany) d.weckowska@fu-berlin.de. ] 

aFreie Universität Berlin, Research Group on Responsible and Sustainable Innovation
bFreie Universität Berlin, Professorship for Innovation Management


Abstract
This paper reviews the literature on technological innovation system (TIS) to explore how, to date, TIS studies have contributed to building the understanding of innovation and transition processes and informing their governance. We discuss the contributions at three levels: (1) the meso-level insights into the functions and structures of a TIS, (2) the macro-level insights into the interactions between a TIS and its context, (3) the micro-level insights into the agency and social interactions in a TIS. We demonstrate that the TIS framework is a useful lens for explaining the innovation and transition processes and suggest a number of future research avenues at each level. 
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Introduction
Sustainability transitions emerged as an important interdisciplinary field of research which aims to conceptualise and explain radical, structural socio-technical changes (Köhler et al., 2019). Transitions are defined as “long-term, multi-dimensional and fundamental transformation processes through which established socio-technical systems shift to more sustainable modes of production and consumption” (Markard et al., 2012, p.956). These processes can unfold along different socio-technical transition pathways and entail creation of radically new ways of fulfilling societal needs, e.g. for food, energy or transport (Geels and Schot, 2007). 
The technological innovation systems (TIS) framework has been used to understand emergence and diffusion of radical innovation and inform their governance (Bergek, Jacobsson, Carlsson, et al., 2008; Hekkert et al., 2007). It has been one of the key theoretical approaches in the literature on sustainability transitions (Markard et al., 2012), alongside the multi-level perspective on socio-technical transitions (Geels, 2002, 2011), transition management (Kern and Smith, 2008; Loorbach and Rotmans, 2010), strategic niche management (Kemp et al., 1998; Raven and Geels, 2010). The technological innovation system is commonly defined as a network of actors that interact in a specific economic/industrial area under a particular institutional infrastructure and contribute to the generation, diffusion and utilisation of variants of a technology (Bergek, Jacobsson, Carlsson, et al., 2008; Carlsson et al., 2002; Carlsson and Stankiewicz, 1991; Hekkert et al., 2007). Hekkert et al. (2007) argue that a technological innovation system can be defined as ‘all institutions and economic structures that affect both rate and direction of technological change in society’ and similarly, Reichardt et al. (2016) define a TIS as ‘the network of actors, rules and material artefacts that influence the speed and direction of technological change in a specific technological area’ (emphasis added). The TIS framework has been used extensively to explain the development and diffusion of new technologies and to develop policy recommendations on how to create systemic conditions that support innovation development and diffusion.
In the influential paper on ‘Innovation system analyses and sustainability transitions’, Jacobsson and Bergek (2011, p.41) argue that ‘a main contribution of innovation system (IS) analysis to the study of sustainability transitions is that it allows policy makers to identify the processes and components in a system where intervention is likely to matter most.’ While they saw the potential of innovation system studies to contribute to understanding and governing sustainability transitions, they also recognised that conceptual and methodological advancements were needed in this field, namely: (1) methodological advancements for measuring TIS functions, (2) conceptual advancements in understanding bi-directional influences between TIS and its context and (3) enhancing the understanding of ‘competence, organisation and politics of policy’ (Jacobsson and Bergek, 2011, p.54).  
Over a decade since this seminal study, it is arguably the time to review how the TIS literature evolved, the extent to which the gaps identified in 2011 were addressed and whether needs for further conceptual and methodological advancements became apparent. A recent review by Bergek (2019) explores mainly the advancements in understanding and measuring of TIS functions. To our knowledge, a broader review of the contributions of innovation system studies to the literature on sustainability transitions has not been recently performed. It is therefore the objective of this paper to fill in this gap by addressing the following research question: How do the TIS studies contribute to building the understanding of innovation and transition processes and informing their governance? 
We answer the above question by reviewing 87 studies that make use of the ‘technological innovation system’ concept. TIS studies examine phenomena at the meso level to explain the innovation and transition processes. Additionally, many studies examine phenomena at the macro or micro-levels to provide more detailed explanations of innovation and transition processes. Using these levels of analysis to structure our findings, we develop narratives summarising contributions at each level of analysis, identify opportunities for future contributions and discuss how findings at the specific level inform the governance of innovation and/or transition processes. The first narrative – ‘the meso-level dynamics’ - focuses on conceptual and methodological advancements in the analyses of the functions and structures in a technological innovation system. The second narrative – ‘the macro-level dynamics’ - explores advancements in understanding of interactions between a TIS and its context. The third narrative – ‘the micro-level dynamics’ - focuses on the advancements in the TIS literature in understanding the role of social practices and agency in shaping the functioning and development of technological innovation systems. Our review shows how the three research areas identified by Jacobsson and Bergek (2011) were addresses but our scope is broader and new avenues for future research are identified. 
The rest of the paper is structured as follows. Section 2 explains the methodological choices made during the review. Section 3, 4 and 5 presents the thematic narratives at the meso, macro and micro levels respectively while Section 6 concludes the paper. 
[bookmark: _Toc141543593]Methodology
1.1. [bookmark: _Toc141543594]Selection of literature
As our objective is to critically appraise the contributions of TIS literature to the understanding innovation and transition processes and informing their governance, we have reviewed the conceptual and methodological approaches employed in studies drawing on the TIS concept. Building on the approach proposed by Gentles et al. (2016), we aimed to capture a variety of conceptual advancements, operationalizations and research designs. It is not intended that the review provides a quantification of methodological approaches in terms of number of papers using each method. Instead, our sampling strategy aimed at capturing a maximum variation of methods and conceptual contributions to the field. In achieving the ‘maximum variation’, we attempted to strike a balance between the most highly-cited publications and the recent publications, which haven’t had a chance to accumulate citations. We find it important to include the highly influential publications because they guide subsequent research practice but also may blind researchers to alternative approaches for studying TIS dynamics. This happens as the highly-approved approaches become cornerstones of research practice within the field and are used by others to legitimate their research. While our focus is mostly on empirical studies, we also include a few highly-cited conceptual articles and reports in grey literature, which had a significant influence on research practice in the field (Bergek, Jacobsson, Carlsson, et al., 2008; Hekkert et al., 2007).	Comment by Weckowska, Dagmara: Add citation
To implement the ‘maximum variation’ search strategy (Gentles et al., 2016), we have first identified relevant literature.  We compared three databases (Web of Science, ScienceDirect and Scopus) using the same search criteria and found that Web of Science (WoS) included the largest number of potentially relevant publications and the best analytical tools for our purposes. We have searched the WoS database using the search term ‘technological innovation system*’ in the ‘Topic’ field, which means that the term appears in the title, abstract, or keywords provided by the author, or so-called ‘Keywords Plus’ generated by the system. The search was limited to three document types, namely articles, reviews and books. The first search was executed in April 2021 and yielded 361 publications published until the end of 2020. We trust that it is useful to search the title-abstract-keyword metadata as the above search term is well established and commonly used as a keyword. However, this technique runs the risk of missing publications which have not used the selected search term in the searched metadata, for example, some early publications which have been written before the term was established as a keyword. To address this risk, we have used our own knowledge and we consulted some TIS experts to identify such publications. This strategy supplemented our review with a few additional publications (Hekkert et al., 2007).	Comment by Weckowska, Dagmara: Add citation
In the second step, the strategy of seeking maximum variation was implemented to select a sample of articles that will allow us to answer our main research question: How do the TIS studies contribute to building the understanding of innovation and transition processes and informing their governance?  This means we have looked for studies that take somehow different approaches/foci in explaining innovation and transition processes.  We have ordered the identified 375 publications according to the number of citations and then manually reviewed the abstracts in the order of decreasing citations. On the basis of the abstracts, we identified 53 TIS studies with varied methodological approaches and conceptual contributions to understanding innovation and transition processes. The full texts of these publications were reviewed following the data analysis strategy described below. An update was executed in April 2023 and resulted in the review of additional 142 abstracts published between 2021 and the search date and subsequent review of 34 additional recent publications. In sum, our review is based on 87 publications, which capture a variety of conceptual and methodological approaches used in the TIS literature to explain innovation and transition processes. 
1.2. [bookmark: _Toc141543595]Data analysis
To answer the research questions, we analyse how the innovation and transition processes are explained in the TIS literature. We develop narratives, which describe different types of explanans in the literature, following four analytical steps.
In the first step of analysis, we have started planning what information will be extracted from the publications to get a broad overview of the conceptual and methodological advancements in the TIS literature. The selecting and defining fields (or codes) for data extraction were generated iteratively. These codes directed our reading of the literature and determined what quotes and information were recorded in matrices (discussed below). The initial set of codes consisted of: authors, publication year, title, journal, issue, number of citations, publication type, time period, technology, country, methods, data, focus (F1-F7), key contribution and a list of concepts which relate to system’s (1) structure, (2) phases, (3) functioning, (4) directionality and (5) policy recommendations.  This initial set of codes was created based on our knowledge of the field and was iteratively expanded as literature review proceeded because it was not feasible to define all relevant concepts that need to be abstracted before commencing the review. For example, at the start we developed an initial list of TIS actors based on two seminal studies and subsequently we expanded the list as we came across other TIS actors in the literature.  For each identified concept in a publication, we attempted to extract information on: (1) the concept’s definition, (2) sensitising questions that guide operationalization of the concept, (3) indicators used to capture the concept (4) data sources used to capture the concept and (5) methods used to analyse the data. This abstraction strategy was selected as it allows to gain comprehensive insights into the analytical focus of past TIS studies, the variety of conceptual and methodological approaches as well as a variety of empirical context that were examined.
In the second step, the matrices for the analysis of the literature were created in Excel. As we have aimed to generate valid and verifiable analytic interpretations, we have documented supportive quotes and references to the original texts in the matrices so that emerging conceptual and operational definitions could be traced back. The matrices were populated by three researchers with information from 35 articles. All disagreements were discussed and resolved.
In the third step, the matrices were used to develop the initial narrative summaries. These were revised, merged, or divided as our understanding of the literature was evolving. The final set includes three narratives. In the fourth step, further papers were reviewed and their contributions were linked to one of the main narratives. In this step a number of sub-themes within the narratives were created. Some of them refer to the research areas, which Jacobsson and Bergek identified as underdeveloped in 2011. The narratives will be presented in the next three sections.

[bookmark: _Toc141543596]Meso-level Dynamics: Functions and Structures of Technological Innovation Systems
The TIS literature makes a strong contribution by explaining how the development and diffusion of innovation is influenced by the key processes and structures in the innovation system. As transition processes can be driven by innovation, explaining the development and diffusion of sustainability-oriented innovation makes a strong contribution to the literature on sustainability transitions.  
The system structures include actors and networks (e.g., producer and supplier firms, consumers, firm clusters and industry associations, creditors, governmental bodies), technologies and institutions (e.g. laws, regulations, rules, norms, habits). The system-level processes, commonly referred to as system functions, are defined as “the processes which directly influence the development, diffusion and use of a new technology” (Bergek, Jacobsson, Carlsson, et al., 2008; Jacobsson and Bergek, 2004). Two conceptualisations dominate the literature (Bergek, Jacobsson, Carlsson, et al., 2008; Hekkert et al., 2007). According to Bergek et al. (Bergek, Jacobsson, Carlsson, et al., 2008; Bergek, Jacobsson and Sandén, 2008) the key processes are: (1) knowledge development and diffusion, (2) influence on the direction of search, (3) entrepreneurial experimentation, (4) market formation, (5) legitimation, (6) resource mobilisation, (7) development of positive externalities. The list provided by Hekkert et al. (Hekkert and Negro, 2009; Hekkert et al., 2007) is similar but distinguishes between the knowledge creation function and the knowledge diffusion function and does not recognise the development of positive externalities as a key function. Those interested in the differences between the definitions provided by the two seminal studies can refer to the recent review by Bergek (2019). The functional framework has been subsequently adapted and extended for the purpose of specific studies (Andersson et al., 2021b; Binz et al., 2016; Kivimaa and Kern, 2016; Perez Vico, 2014). 
1.3. [bookmark: _Toc141543597]Performance of technological innovation systems
The specification of the key processes, or system functions, was a major conceptual advancement and it opened the possibility to analyse the functioning (or performance) of an innovation system. The field has been influenced by the early analytical schemes proposed by Bergek et at. (2008) and Hekkert et al. (2007) as well as the stepwise analysis scheme provided by Hekkert et al. (2011), which suggest how to assess the performance of seven functions as well as their importance and interaction patterns at different phases of a TIS development (recently e.g. Kushnir et al., 2020; Sawulski et al., 2019). The interactions and causal relations between the key processes are conceived as ‘cumulative causation’ and ‘motors of development’ (Suurs and Hekkert, 2009) and they depend on the stage of a TIS development as well as the empirical context (Hekkert et al., 2011). 
The so-called functional and structural analyses of technological innovation systems were shown to be useful in explaining the generation, diffusion and utilisation of renewable energy technologies (e.g., Hekkert and Negro, 2009; Negro et al., 2012; Negro and Hekkert, 2008; Negro et al., 2007; Vasseur et al., 2013; Wesche et al., 2019; Wieczorek et al., 2013), electric cars (e.g., Pohl and Yarime, 2012) and food technologies (Tziva et al., 2019; Verburg et al., 2022). 
The approach often used to systematically assess the functioning of the innovation system is known as the historical event analyses (Negro and Hekkert, 2008; Suurs and Hekkert, 2009). It entails identification of events that signify presence of key processes in the innovation system and mapping them over time. It relies heavily on secondary sources such as newspapers, reports, and websites but also on data from interviews. The historical patterns are identified to gain understanding of a TIS development, as well as the well-functioning processes that drive it and ill-functioning processes that block the TIS development. The events relevant to each function have been proposed in a number of studies. The method opened the possibility to compare different TISs or different national contexts and has been widely employed in the TIS literature and refined to suit various empirical settings (Bergek, 2019; Cox et al., 2021; Vroon et al., 2022). The insights from the historical event analyses are very rich but the analysis itself is time-intensive and vulnerable to biases in availability and reliability of information in secondary sources. 
Some studies took a mixed-method approach to analyse the functioning of an innovation system, and focused on a single country and technology (e.g., Apell and Eriksson, 2023; Apell and Hidefjäll, 2022; de Jesus Fernandez and Watson, 2022; König et al., 2018; Kushnir et al., 2020; Sawulski et al., 2019). In doing so, secondary qualitative and quantitative data collected through desk-based research is often complemented by primary data from interviews with key stakeholders. This enables researchers to identify systemic problems caused by structural elements with attributes, stemming from endogenous or exogenous factors, that inhibit further TIS development through their effect on the TIS functioning. 
Moreover, efforts have been made to find alternatives to the time-intensive qualitative and mixed-method approaches to assess the functioning of a TIS. An interesting quantitative approach was suggested by Weiss and Nemeczek (2021) and Dehler-Holland et al. (2021), who show how an automatic text analysis of the topical coverage and sentiment in newspaper articles about a selected technological innovation can be used to capture the legitimacy creation and the guidance of the search functions. A related approach was used in Corrêa et al. (2022), who used topic modelling and sentiment analysis to leverage the insights of expert interviews regarding the TIS functioning. The functioning of the knowledge production and diffusion processes has been examined with quantitative analyses of publications, patents, standards, such as bibliometric analyses (e.g., Ashari et al., 2023) or social network analysis (SNA) (Kushnir et al., 2020; Lai et al., 2012). Aliahmad et al. (2022), for example, propose to use a multi-criteria evaluation framework, including the progressive growth of publications, technological innovation in scientific research, the breadth of knowledge diversity, the dissemination of knowledge across countries, the magnitude of knowledge in comparison to conventional systems, and the active involvement of individuals and organisations. The studies focused on selected functions allow for an in-depth investigation of particular aspects of a TIS but leave the overall dynamics of the TIS outside of their scope. This limits the scope of the policy recommendations that can be derived from these studies. 
Last but not least, an important contribution to the field was made by simulation-based studies that model the innovation system dynamics (Raven and Walrave, 2020; Walrave and Raven, 2016; Zolfagharian et al., 2021). These methodological advancements opened the new possibilities to analyse the functioning of a TIS under different niche-regime dynamics, as will be discussed in the section 3.2. Azad and Ghodsypour (2018a, b) and Azad et al. (2020) also utilize the system dynamics approach, although with a greater emphasis on sectoral innovation systems (SIS) and their interaction with the functional motors of TIS. As discussed in Weiss (2022), these modelling approaches act as a forecasting tool by simulating TIS dynamics given endogenous or exogenous changes, e.g., new regulations or changes in the prices of critical commodities (Raven and Walrave, 2020). However, with their intention to simplify complex feedback mechanisms into a quantitative model, they also miss more multidimensional interactions between multiple competing and complementary TIS or different sectors and territories embedded in the focal TIS (Walrave and Raven, 2016).
1.4. [bookmark: _Toc141543598]Directionality in technological innovation system
There are many possible ways in which transition to more sustainable modes of production and consumption can be accomplished. The issue of “directionality”, or “the fact of there being alternative possible orientations for progress” (Stirling, 2009, p.5), is considered an important theme in sustainability transition research (Köhler et al., 2019). As mentioned in the introduction, the TIS framework was developed to explain the speed and the direction of technological change and hence has the potential to contribute to explaining the directionality in transition processes.  The “direction of search within the TIS” is defined by Bergek et al. (2008) in terms of different technologies, applications, markets, and business models. This early definition hinted that ‘direction’ refers to not only technical but also social change (i.e. institutional, organisational). 
Many studies examine the direction of search in technical terms. For example, Berg et al. (2019) analyse classification codes of patents, identify the trend line of technological classification concentration and the absolute dominance of a certain technology category to identify periods of ferment, dominance or discontinuity in the TIS development. Another approach based on patent data is provided by Weiss and Scherer (2022)  2023), who apply main path analysis in patent citation networks to reveal the dominant technological trajectory within a TIS. They do not only compare trajectories over different time periods but also across different territories in the TIS. The development of different applications for a technology is also discussed by many authors (Berg et al., 2019; Magnusson and Berggren, 2018; Markard, 2020; Stephan et al., 2017). Applications of a technology in different sectors are thought to offer ‘multiple potential search directions' (Stephan et al., 2017). For example, Magnusson and Berggren (2018) argue that ‘the full potential of biogas will not be realised with this single-minded search direction’ within the vehicle fuel niche and advocate applications of biogas in other sectors as alternative search directions (e.g. ‘using biogas to replace fossil fuels in energy intensive industrial processes such as steel production, as a fuel for ships and ferries, or for power generation to balance the electricity system.’). While recognizing that using a technology that was initially developed for a specific application (e.g. batteries for consumer electronics) for other purposes (e.g. batteries for electric vehicles) illustrates a change in the direction of search, Markard (2020) also notes that such change may eventually lead to creation of a new TIS. Decourt (2019) employs SNA to reveal the application configuration within a TIS. This involved identifying the specific applications of the focal technology that the TIS actors prioritise and the discovery of reinforcement or blocking mechanisms among them. Additionally, by utilising historical event analysis to allocate events to their corresponding applications of the focal technology, the study successfully pinpointed the pivotal applications or developmental trajectories during specific time periods in the TIS's evolution.	Comment by Dagmara Weckowska: References please	Comment by Daniel Weiss: The 2021 ref is 2022 actually: ttps://doi.org/10.3390/su14010113


2023: DOI: 10.4324/9781003213642-6
The TIS framework aspires however to go beyond the mere description of the direction of search and suggests that the direction can be explained by the TIS functions. Originally one function was proposed as a lens to examine influences on the direction of search. Some scholars refer to the function ‘Influence on the direction of search’, which was proposed by Bergek et al. (2008) and defined as ‘the combined strength of factors which create incentives and/or pressures for the organizations to enter a TIS’ as well as ‘the mechanisms having an influence on the direction of search within the TIS’ (e.g., Baxter and Hacking, 2015; Bento and Fontes, 2015; Bergek et al., 2015; Binz et al., 2014; Kushnir et al., 2020; Markard, 2020; Stephan et al., 2017). Other scholars refer to the ‘Guidance of the search’ function proposed by the Hekkert et al. (2007) and defined as ‘those activities within the innovation system that can positively affect the visibility and clarity of specific wants among technology users’ (e.g., Negro and Hekkert, 2008; Quitzow, 2015; Raven and Walrave, 2020; Suurs and Hekkert, 2009). It has been noted recently that these currently dominant ways of conceptualising the influence on/guidance of search function are not sufficient to capture the complexities of steering innovation towards desirable outcomes, such as sustainability (Wesseling et al., 2020). Proposals have been made on how to elaborate the function in a so-called mission-oriented innovation system by specifying the directionality in defining problems and developing solution  (Hekkert et al., 2020; Wesseling et al., 2020). However, some scholars advocate that in fact the interactions of all TIS functions shape the direction of change (e.g., Yap and Truffer, 2019, p.1033) and propose that specific micro-dynamics underpinning the key processes in a TIS would need to be examined to understand how and why a specific direction of socio-technical change unfolds (Weckowska et al., 2022).	Comment by Weckowska, Dagmara: Add Wanzenböck et al. (2020)
1.5. [bookmark: _Toc141543599]Opportunities for further conceptual and methodological advancements 
New methodologies to capture TIS functions. Although the literature made great progress in developing new methods to systematically map the TIS structures and functions, we are still missing an integrated methodological framework, combining both qualitative and quantitative methods as well as mixed methods approaches (Weiss 2022). On the one hand, such an endeavour should include more methodological research on the prioritisation and benchmarking of quantitative and quantitative indicators, i.e., which indicator should be consulted first to measure a particular function in a specific development stage of a TIS (Markard, 2020). By the same token, further work is needed on the conceptualization of feedback loops between different indicators and their associated functions, e.g., whether scientific publications can be used to foresee the future development trends of patents and standards in a TIS (Ashari et al., 2023). On the other hand, newcomers to the field would benefit from guidelines on the methods and indicators which proved very useful for capturing each TIS function (Weiss, 2022). Moreover, it could also be beneficial to pursue a standardisation of the methods and indicators used for analysing specific TIS functions in order to facilitate comparisons between studies and aid the theory-building in the field, e.g, using SNA on patent and publication data to capture the knowledge development and diffusion function of TIS.
Key functions throughout the TIS life cycle. One of the challenges in sustainability transitions is the problem of retiring unsustainable technologies. To pave the way for studies on this topic, Markard (2020) introduced the idea of a TIS life cycle, which implies that system dynamics play a role not only in the emergence but also in the decline of technological innovation. Markard (2020) proposed a distinct set of structural indicators that differentiate the various development phases. The indicators of a TIS decline include, for example, an eroding actor base, shrinking opportunities in liberalised electricity markets, the break-up of existing networks, loss of legitimacy, increasing cost and time overruns, and abandoned projects (Markard et al., 2020). Moreover, Weiss and Nemeczek (2022), in their automatic text analysis of mass media reports, proposed an innovation output indicator to capture the technology performance in the TIS decline phase.	Comment by Carsten Schwäbe: Aren't there other papers more focusing on TIS decline or decline functions, in general? Kivimaa and Kern perhaps? Or Elzinga et al. On mission-specific innovation systems?
In his landmark contribution, Markard (2020) did not elaborate functional patterns in the mature and decline phases and did not question the often-assumed linearity of the life-cycle. This is an important avenue for future research, which would help to better understand the system dynamics underpinning the retirement of unsustainable technologies. Among the first contributions on the topic is the work of Bento et al. (2021) distinguishing four decline functions, which mirror the functions that are present in the early phases of a TIS life cycle. However further elaboration of the key processes in later stages of the TIS life cycle is still needed. For example, the generation and diffusion of knowledge that undermines the past knowledge and the process of devaluation of past knowledge warrant further investigation. Furthermore, while the key processes in the early stages of a TIS life cycle have been extensively studied, their completeness should not be taken for granted. Recent studies ‘unpack’ known functions (Wesseling et al., 2020) and suggest new ones (Andersson et al., 2021b), in the effort to improve understanding of innovation processes. 
Function-structure relations i.e. system building and system deconstruction. An important aspect of sustainability transitions is emergence of socio-technical configurations enabling more sustainable modes of production and consumption. So far TIS literature tended to focus on the development and diffusion of innovation as the explanandum and rather than on explaining the emergence and decline of more broadly conceived socio-technical configurations. In other words, the focus lied on system performance rather than system change. It has been however suggested that the key processes of an innovation system not only develop and diffuse innovation but also underpin the evolution of the system structures (Binz et al., 2016; Suurs and Hekkert, 2009; Tziva et al., 2021). The processes and structures are mutually constitutive in a sense that overtime they shape each other's development. Past studies explored, for instance, the influence that actors have on the build-up of the system, including policies (Kukk et al., 2015; Kukk et al., 2016) and it was suggested that changes in legitimacy are a main trigger for institutional changes in the policies for TIS (Markard et al., 2016). Moreover, Célia and Marie-Benoît (2023) emphasize the role of formal (production) contracts in facilitating the build-up of organizational and network knowledge resources and collaborative networks. Bergek (2019) notes that linking key processes to the emergence and evolution of system structures is interesting and warrants further investigation but also warns that the presence of structures should not be equated with a system's performance. 
The recursive relations between the structures and the key processes remains under-researched. It is not clear, for example, how the key processes contribute to emergence of value chains, physical infrastructures or informal institutions (and how they are shaped by these structures). The need for conceptual refinements of the relation between the TIS functions and structures is also apparent in the later phases of a TIS life cycle. As the functions/processes playing a role in the later stages of a TIS’s life cycle as well as the patterns of cumulative causation are yet to be fully understood (Bento et al., 2021), we also know little about their contributions to breaking or deconstructing the system's structural configurations. In our view clarifying the relation between the TIS processes and structures throughout the life cycle of a TIS offers a fruitful research avenue, which would make valuable contribution to understanding sustainability transitions by elaborating how more sustainable socio-technical configurations emerge and how the structures supporting less sustainable modes of production and consumption are deconstructed.
TIS functions and directionality. We need arguably a broader understanding of the ‘orientations for progress’ within the TIS. Although TIS studies tend to focus on green technologies, their contributions to multiple sustainability goals cannot be taken for granted. Technological change is accompanied by changes to all elements of the innovation system (Fogelberg and Sandén, 2008) and any technological direction can be realised through different socio-technical configurations (Andersson et al., 2021a; van Welie et al., 2019), some of which can be more sustainable than others. Some scholars pose that TIS framework can enhance not only understanding of the direction of technological innovation (Hekkert et al., 2007; Markard, 2020; Reichardt et al., 2016; Wieczorek and Hekkert, 2012) but also has potential to explain “the direction of the TIS” (Berg et al., 2019; Reichardt et al., 2017). The latter seems a greater aspiration as it seems to imply that the TIS framework can be evolved to explain the direction of the whole system, including its social and technical elements. A better understanding of the direction of socio-technical change could be gained by analysing, for example, what different innovative solutions in the specific socio-technical system emerge and diffuse (e.g. product, process, business model, market, social innovation). New methodologies would be needed to trace the direction of various types of innovations, using data from different sources. The approaches developed by Berg et al. (2019) or Weiss and Nemeczek (2022) could serve as a starting point. Moreover, we need more elaborate explanations of how different orientations within the TIS emerge, which recognise how different functions and their interactions shape directionality (Weckowska et al., 2022; Yap and Truffer, 2019). 
1.6. [bookmark: _Toc141543600]Contributions to governing sustainability transitions
The schemes for analysis of the TIS functioning have been developed not only to enhance the understanding of technology-specific innovation processes, but also with the explicit ambition to deduce policy recommendations (Bergek, Jacobsson, Carlsson, et al., 2008; Hekkert et al., 2007; Wieczorek and Hekkert, 2012). Bergek et al. (2008, p.407) argued that TIS studies can help ‘identify the key policy issues but also to set policy goals’ while Hekkert et al. (2007, p.428) saw a clear potential for TIS studies to provide ‘policy recommendations regarding the governance of technology specific innovation systems’. 
Wieczorek and Hekkert (2012) explain how the outputs of the combined structural and functional analysis of technological innovation systems can help identify system weaknesses and possible policy instruments to overcome them. Too strong or weak networks, missing infrastructures, actor-specific capability problems or lack of supportive formal and informal institutions are seen as a sign of insufficient functional performance, which can be mitigated by policies addressing both the structural weaknesses and the functional problems (Wieczorek and Hekkert, 2012, p. 78-81). While some studies do not provide policy recommendations (e.g., Negro and Hekkert, 2008), many do use functional and structural analysis to detect system failures and make failure-targeting policy recommendations. 
While the policy recommendations based on TIS studies help to govern sustainability-oriented innovation, the system failure approach nonetheless has some shortcomings with regard to governing transitions. For example, some scholars criticise the system failure approach for a problematic conceptualisation of policy making. Schmidt (2018) points out that a focus on system failures represents the same conceptual trap, of which evolutionary economics accuses neoclassical market failures. Failure approaches - both market or system failures - presume the existence of an optimal market or innovation system, which is supposed to be achieved. Such a nirvana approach leads to an insufficient consideration of other highly relevant rationales for policy making. For example, an ‘insufficient’ performance of a TIS can result from its low maturity, which is not necessarily a sign of a problem, but of a specific situation, which should be subject to a different policy approach compared with a mature TIS, which is not achieving specific objectives. 
Moreover, the system failure approach makes an implicit normative value judgement. By recommending policy mixes on the basis of a single TIS analysis, researchers implicitly suggest that policy makers need to support the focal TIS. However, the important challenge in governing sustainability transitions is not only the support of specific TISs, but also the choice among different technological and behavioural options to achieve the transition (Wanzenböck et al., 2020). Policy recommendations concluded from a single TIS study are often not considering the trade-offs between different solutions and, therefore, become less practical for governing transitions (Schmidt, 2018). In the next section, we discuss the studies in the TIS literature that broadened their scope of analysis and addressed this challenge to some extent. 
[bookmark: _Toc141543601]Macro-level Dynamics: Interactions Between a Technological Innovation System and Its Context 
Innovation processes can be affected by broader context which spans beyond the actors and networks supporting the development, diffusion and use of innovation and beyond institutions which guide these activities. Understanding how such a broader context can induce, accelerate, steer or hamper innovation processes and socio-technical change is an important area of inquiry in the literature on sustainability transitions. In the MLP studies, innovation processes are said to be shaped by the incumbent socio-technical systems as well as by the macro-level developments, such as demographic trends, macroeconomic trends, changes in political ideologies, shifts in cultural values, and climate change (Geels, 2002; Lachman, 2013). The TIS literature sheds light in particular on how development and diffusion of innovation is influenced by so-called ‘TIS context’, that is the structural elements beyond the TIS’s boundaries. Relevant context structures include, for example, other TISs, sectors, geographical, and political contexts that are connected to the focal TIS via structural couplings or linkages up- or downstream in the value-chain (Bergek et al., 2015; Sandén and Hillman, 2011). Moreover, the TIS can also influence its context, thus indicating that the relationship between a TIS and its context can be unidirectional or bidirectional, and its nature can change over time (Bergek et al., 2015; Markard, 2020). Based on these foundations, scholars proposed different analytical concepts that explain these relationships in greater depth.
1.7. [bookmark: _Toc141543602]TIS and geographical context
Sustainability transitions are often highly place-specific and it is important to explain why transition processes proceed in some geographical locations easier or faster than in others. TIS literature recognises that geography influences technological development, diffusion and use of innovation (e.g., Binz and Truffer, 2017; Coenen et al., 2012). The studies taking a geography-sensitive perspective highlight the importance of context structures such as regulation, technological competition, and available infrastructures at one or more geographical scale, such as a region, a nation or supranational. In particular, the dynamics of TIS vary significantly across spatial territories due to their specific local circumstances and the transnational linkages between them (Binz et al., 2014; Coenen et al., 2012; Wieczorek et al., 2015).
The importance of a national context for the TIS functioning has been illustrated by many geography-sensitive TIS studies, often in comparative case studies (e.g., Bento and Fontes, 2015; Quitzow, 2015; Reichardt et al., 2016; Wieczorek et al., 2015). More recently, it has been shown how national context shapes directionality within the TIS. For example, using the SNA analysis of patent data, Weiss and Scherer (2022) 2023) show the variations in dominant technological trajectories across national contexts within TIS and argue that these differences result from territory-specific context conditions like regulatory approaches and consumer preferences drive these variations. Furthermore, studies reveal that the key TIS processes take place at different geographical scales. Using SNA, Binz et al. (2014) and Salie et al. (2019), for instance, leveraged publication citation networks to investigate the knowledge development function. They demonstrate that the characteristics of knowledge creation change between more local/national and international collaboration patterns throughout the development of the TIS. International collaborations and interdependencies in technological development have also been picked up as transnational linkages. Accordingly, internal TIS developments as well as national policies have a cross-border impact on the functional performance in the different countries (Quitzow, 2015; Reichardt et al., 2016). 	Comment by Dagmara Weckowska: References please	Comment by Daniel Weiss: The 2021 ref is 2022 actually: ttps://doi.org/10.3390/su14010113
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In line with regional innovation system approaches, TIS literature also provides in-depth analyses of place-specific factors and dependencies on the regional level that affect TIS dynamics. This is especially important for ‘spatially sticky’ technologies like wind energy that are deeply intertwined with local context structures (Binz and Truffer, 2017). Associated studies demonstrated variations in regional TIS functioning for the legitimacy function (Rohe and Chlebna, 2021) and knowledge creation and market formation, using mixed method approaches of interviews and surveys (Rohe and Mattes, 2022). Besides regional relations within a nation, trans-regional relations between different countries have been conceptualized to add an additional multi-scalar dimension. In doing so, MacKinnon et al. (2022) highlight absorption, attraction, and export as three key trans-regional legitimation processes that shape the regional dimension of TIS legitimacy. These discussions about regional TI dynamics have even sparked the concept of "configuration innovation systems" as a subtype of TIS that are deeply dependent on the local context. They are highly heterogeneous and need to be analysed with great detail to the local contingencies in each specific research case (Wesche, 2021; Wesche et al., 2019).

1.8. [bookmark: _Toc141543603]TIS and sectoral context
Other scholars emphasise the interconnectedness between a TIS and the heterogeneous sectors it is part of. Focusing on value chains, this perspective examines the sectors responsible for both producing and introducing innovations of the TIS's focal technology to the market, as well as sectors involved in their implementation and application. Each of these sectors exhibits unique technological conditions and opportunities that evolve over time and influence the development of a TIS in various ways (Bergek et al., 2015; Malerba, 2002).
Horizontal or vertical connected sectors within a value chain exhibit spillovers that affect the functioning of the overarching TIS. For example, positive externalities can arise through the interchangeability of bio and fossil fuels (Bach et al., 2021). Sectoral conditions and technological capabilities contribute to the varying importance of specific sectors in the functioning of the TIS. For instance, the relationship between low-tech and high-tech sectors plays a role in knowledge development and exchange. These dynamics between sectors and TIS have been demonstrated through quantitative studies utilizing patent data (Stephan et al., 2017) and qualitative studies involving expert interviews (Bach et al., 2021).
From an actor's perspective, the technological variety and relatedness have an impact on the entry and influence of actors in the formation of systems. Bento et al. (2021) demonstrated this in their study, where they used regression analysis on a firm survey. They estimated the effects of factors such as a firm's profitability, size, knowledge base, or foreign capital on its diversification and entry into a TIS.
1.9. [bookmark: _Toc141543604]TISs and other TISs
Technological innovation in one field can be affected by other technological developments. To explain technological relationships, Sandén and Hillman (2011) propose different analytical dimensions, including the organizational dimension (e.g. the same actors are active in two TISs), the material dimension (e.g. the same artefacts used in two TISs) and the conceptual dimension (e.g. overlap in cognitive and normative schemata across TISs). These shared elements are the basis for different kinds of interactions between technologies, ranging from symbiotic to competitive/predatory relations. These relations are especially important to consider in the analysis of TIS functioning in the realm of missions-oriented innovation policies that guide the competition between established and new TIS, as well as among various new, more sustainable TISs. This is qualitatively demonstrated, for example, on the case of competing renewable energy TIS in the German power market transition (Dreher et al., 2016). 
As transformation processes in sectors like transport and energy become increasingly complex due to the variety of competing and complementary technologies, the TIS literature has started to introduce quantitative approaches to make analyses more manageable. Mirzadeh Phirouzabadi et al. (2020) utilize patent data to estimate the Lotka-Volterra regression equations, aiming to examine the knowledge development of a specific technology within both internal and external conditions. Their approach not only measures the accumulation of endogenous knowledge within the technology innovation system (TIS) itself but also explores its connection with complementary or competing TIS, as suggested by previous studies (Dreher et al., 2016; Sandén and Hillman, 2011). In doing so, they systematically map technological relationships and their impact on knowledge growth within the focal TIS by identifying positive and negative externalities of knowledge development. Further insights have been provided by Li et al. (2022), who also use a regression approach that includes technological and geographical factors. They use patent citation data to measure the influence of technological and geographical distance on the development of a TIS. They take into account territorial absorptive capacity, which determines the ability of a region or country to assimilate and benefit from external knowledge.

1.10. [bookmark: _Toc141543605]TIS and policy context
A TIS is also intertwined with the political context, which is characterised by broader regulatory frameworks, ideologies, and national differences in political processes. The interaction between TIS advocates and the broader political context leads to the formation of aligned institutions. These institutions, a result of structural couplings between the TIS and the political system, provide crucial resources for the continued development of the TIS such as public financial resources, regulatory support, and increased legitimacy (Bergek et al., 2015). 
Studies began to investigate the broader political systems, processes, and institutions and their effect on the focal TIS development. Specifically, Negro, Alkemade, and Hekkert (2012) investigate several types of systemic problems in relation to renewable energy TIS, such as misaligned policies, varying political commitment levels, compatibility issues with centralized energy systems, and an attention shift of policy makers to other issues. Similarly, Reichardt et al. (2016) analyse the policy mix as another important political context structure that encompasses different instruments, design features, overarching processes in relation to the TIS (Flanagan et al., 2011; Rogge and Reichardt, 2016). They explain how the policy mix influences TIS functioning as well as how the TIS development shapes the evolving policy mix. Analysis of specific policy instruments and strategies is also provided by studies such as Haque's (2022), which investigates Technological Action Plans. This research analyses how these plans prioritize certain TIS functions, with the aim of enhancing the effectiveness of technology strategies within broader political context structures. 
Gong and Hansen (2023) particularly focus on policymaking processes, highlighting the reciprocal nature of the relationship. Their results demonstrate that policymakers adjust their policies in response to changes in TIS functionality, and conversely, changes in the TIS can influence the ability of TIS actors to shape the political setting. Beyond governments acting as top-down innovation system builders, narratives and public discourses play a pivotal role in shaping political landscapes. Divergence in public opinion, government composition, and policy narratives can affect the political feasibility of certain policies and impede the efficient market diffusion of emerging TIS (Toivonen et al., 2021; Van der Loos et al., 2021).
Besides more nationally-focused policy context structures, the importance of international or global policies is stressed. Transnational linkages between international institutions shape networks between domestic and international actors. As highlighted by Zhang et al. (2021), policy-related linkages such as donations, WTO policies, and government-initiated research centres guide the establishment of international partnerships that, in turn, influence the functioning of the TIS. 

1.11. [bookmark: _Toc141543606]Opportunities for further conceptual and methodological advancements 
TIS context and directionality. Interactions between TISs can influence the direction of search (Bergek et al., 2015; Dreher et al., 2016; Hekkert et al., 2007). Taking a focus on TIS functions, one can observe, for example, how the demands and requirements of downstream TISs shape the direction of search in the focal TIS (Bergek et al., 2015). Raven and Walrave (Raven and Walrave, 2020) extended their initial system dynamic model to consider directionality failures in TIS as a combination of the guidance of the search function and efforts to decrease regime resistance against the emerging TIS. Taking a structural perspective, one can explore how structural overlaps and competitive or other relations, which they enable, influence the direction of search in the focal TIS (Dreher et al., 2016).
The actors, networks, physical assets, institutions and technological trajectories in existing sectors can influence the direction of search of all TISs associated with the sector (Bergek et al., 2015). Moreover, the direction of search may be influenced by the broader political context, including R&D and market policies (Bento and Fontes, 2015; Bergek et al., 2015; Hoppmann et al., 2014). To complicate things further, the influence of different context structures may intertwine. For example, some sectors and its structures become important for the emerging TIS because of influences of the wider political context (Stephan et al., 2017). Another possibility of intertwined contextual influences is when policies are introduced in response to landscape changes, such as the policies directing the search in the lithium-ion battery TIS towards power and transportation applications in Japan after the oil crisis or the Fukushima disaster (Stephan et al., 2017). 
While the above insights and concepts offer a useful starting point to examine how specific and alternative possible orientations for progress emerge, further elaborations of directionality in TIS literature would enable better understanding and governance of sustainability transitions. These would include for example the role of contextual influences on directionality (other TISs, sectors, policy context) as well as directionality at different stages of a TIS life cycle. 
New Methods. The empirical studies on TIS-context relations focus on different research cases and analytical frameworks, making comparisons unfeasible (Weiss 2022). Thus, future work should develop a more integrated analysis scheme that encompasses different context elements, potentially ranking them based on their significance for specific aspects and functions of TIS. This would derive results that are comparable across diverse research cases to derive more founded policy advice. Likewise, following Van der Loos et al. Van der Loos et al. (2021), better understanding of the prioritization of context factors in different developmental phases of TIS is needed, e.g., weighting sectoral against spatial or political context factors. By exploring and identifying the most influential context factor(s) during specific stages of TIS development, researchers can provide valuable insights into the critical drivers that shape the emergence and evolution of innovation systems. An important step in this direction is made in Kieft et al. (2021), who propose a stepwise analysis scheme to focus on the most important interactions of the focal TIs with other TISs and sectors given its specific development phase. Relatedly, more research is needed to disentangle why a TIS and its context influence each other, moving beyond resource-related value-chain overlaps, and taking into account how political agendas, institutional incentives, and technological trajectories influence the effect of structural overlaps (Bergek et al., 2015; Ulmanen and Bergek, 2021). Wesseling et al. (2022) provide a first step in advancing our conceptualization of TIS-context relations, focusing on the interaction between TIS and the global regime describing coercive, normative, and mimetic institutional pressures. 
Additionally, several studies highlighted the need to adapt the current TIS framework to developing countries, suggesting an emphasis on certain functions and context structures or the creation of new ones that address the unique challenges these countries face, such as pronounced inequality, corruption, and a lack of education (de Jesus Fernandez and Watson, 2022; Edsand, 2017; Schaube et al., 2022; Tigabu et al., 2015). 
1.12. [bookmark: _Toc141543607]Contributions to governing sustainability transitions 
Accounting for the broader context of the focal TIS proved to be useful for developing rich policy recommendations.
First, studies that take into account the transnational geographical context of the TIS bring into focus, for instance, the challenge of developing policies that, on the one hand, avoid the situation that the domestic innovation system is completely dependent on international industries and markets while, on the other hand, do not obstruct the domestic market formation (e.g., Andersson et al., 2021b). Accordingly, national governments should align their national targets with the development dynamics of international networks and consider the opportunities provided by politically-induced collaborative linkages when designing new policy programs (Zhang et al., 2021). The complexity of multi-scalarity of TIS development is also highly relevant on the local level, where the heterogeneity of regional conditions suggests that policy instruments should not be limited to aggregate incentive-based tools. Rather, they should incorporate a broad and diverse array of specific mechanisms, taking into account local resources and actor capabilities (Wesche, 2021). 
Second, considering sectoral and technological TIS-context interrelations, the literature emphasizes the need to carefully consider positive and negative interaction effects across multidimensional linkages. Policy instruments and programs should take into account the competition or complementarity between sectors and TISs to exploit positive externalities while diminishing negative ones. For example, energy storage technologies play a crucial role in supporting other renewable energy technologies (Noailly and Shestalova, 2017). This also relates to the significance of timing in policy change in relation to different development phases of competing TIS (Dreher et al., 2016).
Third, studies that examine the political context in which the TIS is embedded highlight the importance of aligning the TIS-focused policies with policy-mixes for transformative structural change.  For example, the policy recommendations of Negro et al. (Negro et al., 2012) emphasize the necessity to abandon a one-size-fits-all policy making approach in order to address specific problems and challenges within the TISs and to include a plan for the phase-out of conventional energy technologies. Likewise, Reichhardt et al. (2016) emphasize that TIS-specific policies should be aligned with the broader policy mix, supported by credible political commitment, and be flexible enough to accommodate the dynamic nature of TIS. On a higher level, policymakers should strive to establish common visions as a foundation for accelerating the diffusion of the focal technology niche, e.g., by increasing the coordination among key actors.
Overall, the studies discussed in this section show the potential of TIS to investigate and navigate different ‘transition pathways’ (Geels and Schot, 2007) based on interactions at the meso- and/or macro-level. However, they do not provide an explanation for the emergence of specific pathways from a more bottom-up micro-level perspective, which emphasizes the role of agency and social factors. This perspective encompasses specific characteristics, values, motives, and mechanisms that influence the perceptions and actions of individual actors and networks within TIS.
[bookmark: _Toc141543608]Micro-level Dynamics: Social Interactions and Agency in Technological Innovation Systems 
As transition processes are evolutionary, interpretive and conflictual, it is important to understand the role of agency and social interactions in shaping transition processes (Geels, 2020). It has been recently noted that the micro-foundations of the multi-level perspective on socio-technical transitions is underdeveloped and we would argue the same holds true for the innovation system-based perspective of socio-technical transitions. Developing a micro-level understanding of the TIS dynamics entails describing and explaining the social actions that shape the functioning and the development of an innovation system throughout its lifecycle (e.g. learning, intermediation, legitimation practices). Micro-level studies can explain why processes are blocked or unblocked, why specific structures are (not) produced or (not) deconstructed and why certain directions are (not) taken or (not) abandoned. Past studies that contribute towards better understanding of the social actions in innovation systems tend to delineate their analytical focus by either selecting a specific actor group (and studying their role in numerous TIS processes) or a specific TIS function (and studying the role of numerous actor groups).
1.13. [bookmark: _Toc141543609]Competences, motivations and interests 
The agency of one actor group, namely policy-makers, has been given much attention in the TIS literature. In 2011 Jacobsson and Bergek argued that ‘a key topic for research is the competence, organisation and integrity of public policy bodies’ (Jacobsson and Bergek, 2011, p.54). They stressed the need for a better understanding of the ability of public policy bodies to effectively address the innovation system failures and navigate the complex dynamics between actors with vested interest in incumbent solutions, actors propagating radical alternatives and the society at large. Such enhanced understanding of policy making was seen as necessary to pursue rich and challenging climate policies. 
In line with the suggestion of Jacobsson and Bergek (2011), a number of studies drew on the TIS concept and elaborated the policy processes, path dependencies in policy making and timing of policy reforms related to technological innovations. For example, drawing on the insights into transition policy (e.g. Kern, 2011; Kern and Smith, 2008), Hoppmann, Huenteler, and Girod (2014) identify different phases of policy making based on the time-specific, systemic issues and objectives of governance and they illustrate feedback loops between socio-technical change and policy processes as well as path dependencies in policy making. Taking the neo-institutional and evolutionary perspective on policy learning, their study illustrates the recursive relation between the agency of political actors and regulatory structures as well as the impact of the latter on the TIS development.  Further example is provided by the study of Reichardt, Rogge, and Negro (2017), which explores how different styles of policy-making processes influence the functioning and performance of a TIS and interestingly identifies longer periods of political inaction, occurring despite the awareness of the systemic problems of the offshore wind TIS in Germany. Building upon the important process-focused extension of the policy mix concept (Rogge and Reichardt, 2016), their study shows that the TIS development depends not only on the policy mix, but also on the ability of the policy system to timely adapt the policy mix. 
While the role of policy-makers in TIS functioning and development has received significant attention, there are also studies exploring the competences and motivations of other actors and networks. For example, Tziva et al. (2021) illustrate that the organisational motives and resources of firms, government organisations, NGOs, knowledge institutes and consulting firms, as well as their relationships influence the formation of alliances, system building strategies, as well as the creation of system-level resources. The contributions of actors and networks to system building are also explored in other studies (Musiolik and Markard, 2011; Musiolik et al., 2012). 
1.14. Conflicts and struggles
The studies discussed in the previous section focus on goals setting, planning, implementation and adaptation and tend to depict consensus and cooperation as the drivers of change. Another perspective is provided by studies that purposefully examine the contradictions and oppositions among actors and illustrate how conflicts and struggles shape innovation process and socio-technical change. 
For example, Heiberg and Truffer (2022) introduce a novel "value-sensitive" perspective that highlights the significance of institutional logics within a TIS. Their study combines SNA and interviews to measure proximities among actors based on their values, revealing overarching "field logics." Contrary to the conventional assumption of a general harmony within a TIS, variations in value proximities among actor groups give rise to competition and conflicts. The latter play a crucial role in the emergence of system failures and diverging directionality within the TIS. Another example is the study of Isoaho and Markard (2020) who employ a qualitative text analysis on newspaper articles data to examine discourse struggles in the late stages of a TIS life cycle. Their study explores how different actors and stakeholders engage in discourse to either contribute to the destabilisation of coal energy or to re-legitimizing it. The findings highlight the influence of public discourses on policy and technology dynamics, as well as the importance of effective communication in addressing conflicting discourses for successful transitions. Furthermore, the goal-conflicts experienced by collective actors are addressed in a recent study of  Rohe and Chlebna (2022), who combine expert interviews and SNA, to analyse networking organisations, their evolving membership composition and structure, as well as the roles they play.  Another example is the study of Kukk et al. (2016) which sheds light on power dynamics and the role that large firms play in market creation and institutional change.      
1.15. [bookmark: _Toc141543611]Opportunities for further conceptual and methodological advancements 
With a few notable exceptions, TIS studies tended to leave the micro-level dynamics of socio-technical change outside the scope of their analysis. The roots of the TIS framework in evolutionary and institutional theories could help to explore the role of agency and social practices to some extent. However, the literature would also benefit from insights from theories rooted in the teleological and dialectic perspectives on social change (Van de Ven, Poole, 1995). We see in particular three avenues for future research. 
Micro-level dynamics of TIS functioning.  The role of actors in creating and overcoming the system weaknesses. The role of actors other than policy makers requires further investigation, although some studies exist already (e.g., Heiberg and Truffer 2022, Rohe and Chlebna 2022). In particular, the cultural and demand side aspects could be unpacked and more attention could be given to actors such as grassroot movements or socio-demographic groups with specific values and world-views. 
Micro-level dynamics of system expansion/decline.  Future studies could shed light on how the micro-level dynamics, including actors’ competences, motivations and interest as well as conflicts and struggles, contribute to the system expansion and institutionalisation. Here studies could explore why actors enter or exit a specific TIS or explore the conflicts arising when new technologies attempt to overthrown the reign of dominant technologies. 
Micro-level dynamics and TIS directionality. The role of actors in (re-)directing innovation trajectories could be the object of future research. At the early stages of a TIS formation, the actors are likely to steer the TIS in "different and possibly even competing directions" (Markard, 2020). Over time, the direction of technology development may change. As a TIS matures, changing the technological direction becomes increasingly difficult. The inertia in a TIS may be quite high, leading to lock-in and rigid technological trajectories (Hekkert et al., 2007). Here, issues such as conflicts or power relations that increase or reduce the plurality of possible directions could be investigated. 
1.16. [bookmark: _Toc141543612]Contributions to governing sustainability transitions 
The micro-level studies can provide a rich understanding of system failures. Instead of assuming that coordination deficits result from the lack of awareness among actors, capability deficits from insufficient knowledge and institutional failures stem from prevailing sectoral norms, rules and regulations, micro-level studies can shed light onto the complex social dynamics underpinning the system failures. They can help to assess the directionality failures and generate insights for governance of innovation systems in a way that tackles grand societal challenges.
For example, the studies exploring in-depth policy making and politics were used as a basis for policy recommendations, which were concrete (Purkus et al., 2018), directionality-sensitive and reflected the importance of timing in policy change (Dreher et al., 2016). There are however also studies exploring the micro-foundations of technological innovation systems, which contribute conceptually or empirically, but do not make any policy recommendations (Hoppmann et al., 2014; Markard et al., 2016). 
[bookmark: _Toc141543613]Conclusions
The aim of this literature review was to summarise how, to date, TIS studies have contributed to building the understanding of innovation and transition processes and informing their governance. To address this question, we have reviewed 87 studies that use the concept of ‘technological innovation system’.
In 2011 Jacobsson and Bergek argued that TIS literature contributes to studies of sustainability transitions mainly by explaining what drives or hinders the development and diffusion of environmental innovation. The transformational perspective goes however beyond the innovation development and diffusion and encompasses also the questions of system expansion and decline, institutionalisation and destabilisation, change in direction, as well as changes in TIS-context relations (Markard, 2020). While some studies reviewed in this paper already address these themes, there are many opportunities for further contributions.
Development and diffusion of innovation. Our review finds that past TIS studies explore the meso, macro and micro-level dynamics that influence the development and diffusion of innovation, which are believed to contribute to creating more sustainable modes of production and consumption. At the same time there are still opportunities for further contributions. At the meso-level, there is a need to better conceptualise the key functions at the later stages of a TIS life cycle and for further methodological advancements in capturing the functioning of the system. At the macro-level, we find that uni-directional influences of the context on the TIS received much more attention than the bi-directional influences. At the micro-level, it is worth noting that the policy instruments have been studied more extensively than competences and organisation of policy bodies and politics of policy-making.
System expansion and institutionalisation. To better explain the system’s expansion and institutionalisation of new production and consumption patterns, future studies could address one or more of the following themes. First, the relation between the key processes in an innovation system and the emergence of system structures could be explored in order to better understand the process of structuration/institutionalisation (See: Meso-level 3.3). Second, by zooming-out, studies could explore how couplings/relations between the TIS and its context structures (e.g. RIS, TIS, SIS) contribute to the expansion and development of institutions supporting production and consumption patterns related to the focal technological innovation (See Macro-level 4.5). Third, by zooming-in, future studies could shed light on the agency and social dynamics, including goals-setting/implementation as well as conflicts and struggles that contribute to the system expansion and institutionalisation (See Micro-level 5.3). 
System decline and destabilisation. To clarify the process of system’s decline and destabilisation, future studies could explore the following aspects. Firstly, there is a need to better theorise the key processes in the mature and decline phases of the TIS life cycle and their contributions to system’s destabilisation and decline (See Meso-level 3.3). Second, by zooming-out, studies could examine in greater detail how the changing relations between the TIS and its context contribute to the destabilisation and decline of the focal TIS (See Macro-level 4.5). Third, by zooming-in, future studies could examine the agency and social practices underpinning the key processes in the decline phase (See Micro-level, 5.3). 
Directionality. Last but not least, there is a need to refine our understanding of the directionality throughout the TIS lifecycle. During the formative and growth phases, the future studies could explore how all key processes shape directionality in innovation systems, how context influences the trajectories of the TIS development and how the agency of actors and the relations between them steer the innovation onto more (or less) sustainable trajectories. With regard to the decline phase, it should not be assumed that there is just one way to discontinue the use of innovation. Therefore socially, economically and environmentally desirable exit-pathways should be explored. Also the contributions of relevant functions, the context and the agency to shaping the ex-novation trajectories could be examined.
In sum, the TIS framework has proved to be a very fruitful lens, which offers rich explanations for the development and diffusion of innovation or the lack of thereof. It is also clear that the framework could be extended and elaborated further to build a better understanding of how innovations contribute to transforming socio-technical systems into ones characterised by environmentally, socially and economically sustainable modes of production and consumption. 
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