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Abstract

:

Resource usage and environmental consequences of most current energy systems exceed planetary boundaries. The transition to sustainable energy systems is accompanied by a multitude of research methods, as energy systems are complex structures of technical, economical, social and ecological interactions. The description of different discipline’s perspectives in this paper show that a more mutual understanding between disciplines of their respective focus is necessary as they partly create internally competitive views arising from differing emphasis of connected matters. The purpose of this paper is to present a framework for interdisciplinary proceeding in a complex energy system transition process. Resilience thinking is chosen as a core concept for a more holistic view on sustainable energy system development. It is shown that it is already widely used in different disciplines connected to energy system research and is especially suitable due to its wide application across disciplines. The seven principles of resilience thinking (maintain redundancy and diversity, manage connectivity, manage slow variables and feedback, foster complex adaptive systems thinking, encourage learning, broaden participation, and promote polycentric governance systems) are chosen as the basis for a procedure that can be utilized to increase the interdisciplinary perspectives of energy system transitions. For energy transition processes based on scenario development, backcasting and pathway definition, resilience thinking principles are used to assess the resilience of the target energy system, the pathway resilience and the design of the scenario process with respect to the probability of a resilient outcome. The described procedure consisting of questions and parameters can be applied as a first attempt for a resilience assessment of energy transition processes. The perspective of resilience in sustainable energy systems strengthens the importance of diversity, redundancy and flexibility, which reduces the current dominant focus on efficiency of the overall system.
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1. Introduction


The Paris agreement emphasized the need to transform our energy systems [1]. Current price developments of fossil fuels show that resource price signals do not drive this change. Whereas there is a strong focus on low-carbon solutions, there are other aspects of sustainability, such as the need for switching to systems that provide energy services without depleting resources and disturbing the interaction with social-ecological systems. Among policy fields with externalities, energy has an outstanding position due to its vertical and horizontal complexity, entailed costs and strong path dependency [2].



Scientific disciplines offer a multitude of perspectives and methods for researching on energy systems. Technical feasibility and further development of renewable energy, storage and grid technology are part of the engineering discipline. Economical considerations discuss the most economic low-carbon pathway. Effects of providing energy services that are not covered by the generation costs are expressed in external costs. Social science related disciplines provide methods, concepts and theories that focus on the interrelations of society and technology, innovation and governance. Despite the strong interconnectedness of energy systems and society, social sciences are rather underrepresented in contemporary energy research [3]. As macro-economy as such an open subsystem of the finite natural ecosystem is [4,5], and the same holds true for the energy system, there are multitudes of environmental and ecological questions arising. They are discussed in different scales of perspectives, from local ecosystem disturbances up to global impacts.



Due to the complexity of energy systems, models are utilized to assess technically possible pathways and model-based research is widely used for policy advice [6]. The model approach usually inherits a mathematical-economic perspective coming from an engineering viewpoint. Jefferson [7] argues that looking at the numbers could lead to overlooking factors such as behavioural change, potential risks and externalities that are not as straightforward to quantify. Similarly, Pfenninger et al. [8] point out the danger of treating numbers from models more authoritative than results coming from qualitative studies and recommend strengthening the integration of methods from other disciplines.



According to Craig, et al. [9], looking at past efforts to predict future energy outcomes, long-term energy forecasts underestimate uncertainties. Along with a growing trend of modeling 100% renewable energy, thus long-term sustainable transition scenarios [10], uncertainty plays an important role in discussions about shortcomings of modeling [11,12,13].



The focus from the techno-economic modeling perspective is limited to environmental consequences we are able to quantify today. A fast, major reduction in greenhouse gases is required, but applying similar methods that have led to the climate problem for planning of future energy systems bears the danger of quickly reaching the next ecological limit. This also holds true for renewable energy systems. Although having less greenhouse gas emissions, they are embedded in social-ecological systems in which interrelations have to be carefully looked at.



Energy systems, no matter if low-carbon or not, are never just of technical or economical nature, but they are always in interaction with a natural and social environment. Different aspects of energy systems and their transitions are often looked at in distinct processes, which often produce competitive views. It is necessary to reconcile disconnected considerations [14]. An interdisciplinary approach of defining future energy pathways is part of sustainability science. Sustainability science is strong in specifying desired results of a change [15], but while it prioritizes on outcome, it does not consider process, dynamics and uncertainty [16] (p. 21, Table 1.3). Giving policy advice under uncertainty is a typical problem of energy system transformation. Thus, additional viewpoints bringing together disciplines at the same time is necessary. Concepts focusing on process and building capacity can be found in resilience theory [16]. This concept has experienced a wide distribution of applications across disciplines. Resilience has shown a strong upward trend in scientific publications [17]. There is an increasing importance of resilience across disciplines as a concept to understand the capacity of a system or individual to respond to change [18]. Folke et al. [19] describe it as a conceptual framework for understanding how persistence and transformation coexist. It addresses the ability of a system to continue existing in a changing world due to adaptive capacity and innovative thinking.



Also for energy systems, the characteristic of being resilient is increasingly mentioned as a goal to aspire. Not only in science but also in politics, specifically energy politics. For example, it is prominently mentioned as an aim in the EU Integrated Strategic Energy Technology (SET) plan [20].



In this paper, the potential of resilience as an interdisciplinary guiding principle for energy system transition is discussed. Although having a different understanding in the sociology/psychology dimension for the human system, the engineering/computer science for the technical system and ecological resilience for the natural environment system, resilience thinking seems to be a promising concept to give guidance in the multitude of aspects on energy system transitions where other bridging concepts like sustainability are missing something. What makes resilience thinking a promising concept is that it accepts uncertainty and the dynamics of systems, addresses processes, capacity building as well as outcomes. Furthermore, it is widely understood and applied across disciplines although having partly different notions. Along the seven resilience thinking principles, questions and parameters are derived for assessing different resilience aspects in a energy system transition process.



The description of different existing perspectives in Section 2 gives an idea of the variety of possibilities to look at energy systems and their transformations. The development of resilience concepts and its applications in energy research is discussed (Section 3) in the following. Based on the described discipline-based viewpoints, resilience thinking as a helpful framework is introduced, which is applicable independently from discipline-perspectives. Following these meta-level descriptions, in Section 4, question and parameters for resilience assessment in energy system transition processes, which are derived from resilience thinking principles, are presented, which is then discussed (Section 5) and concluded (Section 6).




2. Perspectives on Energy System Transitions


Energy systems

	
are subsystems of the global socio-ecological system;



	
are in interrelation to local socio-ecological systems;



	
consist of different technologies that co-evolve with society; and



	
their transitions can be looked at with different methods that cover parts of these aspects.








2.1. Technical-Economic Modeling


Technical-economic modeling has been widely applied to show that it is technically feasible to achieve low-carbon energy systems [8,21]. Focus of these modeling efforts has been to detect least-cost system configurations to reach the normative target of emission reduction [22]. Since optimization models with a target function of minimal costs are useful for that aim, they are still a popular pillar in policy advice for energy system transition. In an extensive energy model review, Pfenninger et al. [8] mention the trap of modeling what is easily quantifiable rather than what are essential driving variables in the system. This questions whether models are useful in providing insight on those issues, which truly matter for reaching the set policy goals.



Technical-economical energy system modeling with the normative goal of decarbonization calculates the carbon reduction in relation to the system cost. Least-cost alternatives to the business-as-usual track are calculated under the condition of reaching carbon reduction goals.




2.2. Internalization of External Costs


In economic terminology, environmental and social effects are named externalities. Coming from welfare economics, the concept has also been applied to energy externalities, beginning with aggregated approaches [23]. External costs provide a possibility to point out benefits of investments in environmentally-friendly technologies in the language of economy, but their effect is restricted to known, quantifiable impacts [24], and they hinge on central value judgments [25]. Impacts of climate change, consumption of scare resources and other non-linear effects to social-ecological systems can be only partly quantified [24,26]. With growing distance to the market, monetization of externalities becomes uncertain to an extent that it is not included in external cost quantifications [27,28].



At those points in time, when policy decisions with respect to energy system transition are taken, many effects of new technologies are unknown. Interdependencies with social and ecological systems cannot be fully anticipated. Looking back in history, in the time when nuclear energy, coal- and gas-fired power plants were established and individual oil-based mobility was supported, externalities could not have been estimated to the same extent as today even if the concept of externalities would have been established.



In the external cost perspective on energy system transition, technical components of the energy system with low external costs are used to a higher extent than others with higher external costs. This is the mechanism which drives technologies with high external costs out of the market due to the price signal. Due to that mechanism, future energy systems consist of the technologies with lowest known external costs. Further distance from market or current knowledge increases uncertainty about the monetary values of the socio-ecological system services.




2.3. Sustainability Measurements


Begic and Afgan [29] argue that single criterion analysis is unacceptable in decision making for energy systems since a number of economic, environmental and social aspects have to be considered simultaneously. Thus, to assess the sustainability of future energy systems, multi-criteria decision methods are used. These provide more reliable results but are more complex [30,31]. Existing sustainability indexes and metrics vary a lot in size of target region and the evaluation criteria considered, but all include economic, social and environmental aspects. Cartelle Barros et al. [31] (p. 476, Table 1) provide an overview of multi-criteria methods and sustainability aspects that are considered in energy system research. Evaluation criteria utilized for sustainable energy multi-criteria studies can be found in [32]. A very extensive attempt to measure the general sustainability of power plant technologies has been made by [31], who use quantitative and qualitative data for 27 parameters and consider potential nonlinearities of the life-cycles of the energy technologies. Whereas sustainability indexes require a high level of transparency to unfold potential bias, they face the complexity of energy systems and their quantitative number may facilitate the communication of the complex issue [33]. Following the assessment of economic, social and environmental parameters, some sustainability index methods weigh the criteria and provide a ranking as output. This can be done for technologies as well as whole systems.




2.4. Socio-Technical System Thinking


Systems thinking in general deals with interconnections and complexities [34]. It has been increasingly applied in policy theory and practice in recent years [35,36]. Using social science disciplines in energy system research has gained increasing attention [3]. Technology is always embedded in society and co-evolves with it. Social-technical system analysis arose from the challenge of describing this recursive relationship [37,38]. Conceptualizing energy systems as socio-technical systems has the advantage of pointing to their interrelations with the surrounding environment [2]. Transitions of energy systems are labeled ‘socio-technical’ because they not only entail new technologies, but also changes in markets, user practices, policy and cultural meanings [39]. The toolbox of innovation and transition research offers frameworks for analyses of energy system transitions [36].



The multi-level perspective on sustainability transitions [39,40] has been applied to energy systems. Niche innovations gradually link together. When landscape developments put pressure on the current socio-technical regime, windows of opportunity are created and new configuration can dominate the new socio-technical regime.




2.5. Socio-Ecological System Thinking


Socio-technical energy systems are always interconnected with social-ecological systems. On the one hand, they are dependent on services of social-ecological systems like raw material and fuel extraction. On the other hand, they are influencing social-ecological systems, for example through infrastructure. A social-ecological system is defined as a coupled system of humans and nature that constitutes a complex adaptive system with ecological and social components that interact dynamically through various feedback [41]. Socio-ecological system research analyses the interaction of ecosystems and social processes. It often has a definite spatial context, unit of analysis and is anchored in specific places. It does not explicitly follow normative goals, but it recognizes that extensive system changes often hinder the desired long-term provision with system services [28]. In spatial context and normative goals, it differs from socio-technical system research, but both frameworks use multi-level perspectives since the systems are governed on processes of different levels [37,42]. Ideas of iterative learning and adaptability for analyzing complex dynamic systems are common in both domains. Foxon et al. [43] argue for a fruitful discussion between the domains of socio-technical and social-ecological frameworks for reaching long-term sustainable goals. Hodbod and Adger [28] show that a framework that gives insights in thresholds, benefit and risk distribution and ecosystem interaction is suitable to analyze energy system transitions.



Socio-ecological system thinking considers planetary boundaries. Thus, from this viewpoint, it is advisable to leave energy system trajectories that overstep these. This is possible with energy subsystems that are in dynamic feedback with socio-ecological systems without reducing the resilience of the adaptive cycle and endangering the continuous system service.




2.6. Challenge of Multi-Dimensionality


The described perspectives of different disciplines on energy transition make obvious that energy systems are complex, dynamic socio-technical-ecological systems, and each of these components as well as their interrelations have to be considered for sustainable transitions.



Knowledge about the dimensions of energy systems are widespread between engineers, economists, social scientists and ecologists. Applying the collective experience would probably lead to sustainable energy systems. Models for technical feasibility, external cost internalization for market signals, sustainability indexes for awareness are as important as multi-criteria analyses for innovation schemes and social-ecological system thinking for an energy system transition that leads to low-carbon systems with a fair sharing of costs without overusing resources and threatening ecosystems in the long-run. However, although they deal with related aspects, individual vocabulary and perspectives of the communities makes interdisciplinary research difficult [44] and different mental models hinder collaborative intelligence and thus synergy effects of expert knowledge combination taking effect.



Interdisciplinary concepts could be of help to give guidance for transition pathways. A concept that has proven helpful for analyzing ecological and social systems, which is also widely applied in engineering and economics and which is increasingly appearing for a wide range of aspects in energy system research, is resilience.





3. Resilience


3.1. Emersion and Diversification of the Concept


The idea of resilience first arose in psychology, describing the psychological resistibility to survive difficult life situations without lasting derogation [45,46]. Holling [47] applied resilience to ecosystems not only to individuals and contested the traditional view of ecosystems as stable systems in equilibrium “Resilience determines the persistence of relationships within a system and is a measure of the ability of these systems to absorb changes of state variables, driving variable and parameters and still persist [47]” (p. 17). It has to be distinguished from stability. Systems only aiming at stability cannot react flexible to seldom, sudden, radical, surprising events and collapse due to the deterministic factors that enabled keeping the balance so far [47] (p. 21). Adger [48] points to the link between social and ecological resilience and defines social resilience as the ability of groups or communities to cope with external stresses and disturbances.



Extensive work on the resilience of social-ecological systems and the applicability of the concept for dealing with theses systems has been done by the Stockholm Resilience Centre. They describe resilience of social-ecological systems as “The capacity of a system—be it a landscape, a coastal area or a city—to deal with change and continue to develop. This means the capacity to withstand shocks and disturbances such as financial crisis or use such an event to catalyze renewal and innovation” [41] (p. 18).



Engineers apply resilience to technical infrastructures, which implies the ability to keep functioning in case of catastrophic events. Thus, it has become an important characteristic in risk management where resilience is an approach for critical infrastructure [14].



In computer networking, resilience refers to trustworthiness, congestion and error tolerance and an acceptable level of service delivery when facing changes [49,50]. These applications built on different basic understandings of resilience, which will be discussed in detail in Section 3.3.



Being a rather observational science in the beginning, resilience is now discussed as a policy goal in different contexts, and resilience thinking is introduced in practice [28,51]. Considering resilience as the ability of a system to continue existing in a changing world, it addresses typical challenges in energy system transition research like uncertainty, iterative learning, complex structures and non-linearities.




3.2. Relevance in Energy System Research


Resilience in energy system research is widely applied in the context of energy security. Resilience of energy infrastructure is highlighted as an important characteristic and a beneficial property of power grids [52,53,54], especially due to their role as the critical network in a network of networks [55]. In this case, network resilience is characterized in terms of the “backup capacity” [55]. Furthermore, resilience of energy systems is referred to as the counterpart of energy demand and supply weaknesses on different scales [56]. For example, He et al. [57] present an energy import resilience index, while Chuang and Ma [58] analyze the impact of energy diversity in reducing risk of energy supply shortages and cost fluctuations. Ghanem et al. [59] conceptualize household resilience to power supply disruption during storm events. Resilience has also entered energy policy papers. The Energy Union Package of the European Commission is titled “A Framework Strategy for a Resilient Energy Union [...]” and resilience is mentioned as an desirable goal [60]. In addition, resilience here is understood as decreasing the risk of potential energy disruptions. A broader, although not further described meaning of the term is used in a study estimating infrastructure requirements for transition to renewable energy systems in the EU, pointing out that the scenario that may lead to a technically under-optimized solution with higher costs provides more resilience to the power sector from all points of view [61].



There are measures for energy system resilience that try to capture resilience meanings of different disciplines—engineering, risk assessment and social science resilience [14,62]. The latter suggest a resilience index as a composite of seven metrics concerning non-renewable fuel used, generation and distribution efficiency, carbon intensity, diversity, redundant electricity for use in GDP and reliance on imports.



While applications in energy system research is widespread, a differentiation in understanding of the term resilience can be observed.




3.3. Engineering and Ecological Resilience


As obvious in the energy applications of resilience, there are different understandings of the concept. Holling [63] distinguishes between engineering and ecological resilience. The first focuses on maintaining the underlying system functionality (e.g., keep the grid going), the latter considers more holistic concepts, emphasizing survival and adaption of the overall system. Engineering resilience operates near equilibrium with the underlying idea of the existence of an optimal state. This control of a single target variable independently of the larger ecosystem, economic and social interactions contributes to growing vulnerability to unexpected changes [63].



The current state of our energy systems may be one of resilience in the engineering meaning, but not in the sense of long-term resilience of an ecological perspective. The following observations underpin this assumption:

	
Maintaining function in providing energy services is in the focus of our energy systems, which reminds one of stability. Slow variables changing of the larger system may not be recognized and give an appearance of stability [64].



	
Focus on efficiency and functioning close to a fictive optimum state has decreased the adaptability of our energy systems. This results in inertia, a threshold for transformation ambitions.



	
If one appraises the detection of the climate problem as a fundamental disturbance to the energy systems, a resilient system would adapt, eventually changing into a new state. Energy systems are, in most cases, static, eventually rather steering to collapse than adapting.








It is claimed that energy systems should be efficient in two different meanings. They should provide the energy service for as few societal costs as possible and also be efficient in the sense of not wasting resources or energy. Lietaer et al. [65] state that, for ecosystems, efficiency contradicts diversity and connectivity, which are important resilience parameters, and apply this to economic systems. Reaching sustainability has to find a balance between efficiency, which leads to brittleness of a system and diversity and connectivity which leads to stagnation of a system [65] (p. 94, Figure 2). Optimization and efficiency are accompanied by shrinking response redundancy, which reduces the leeway of adaptability and thus lowers resilience of a system.



In scenarios of sustainable energy systems, efficiency in both senses (cost and resource efficiency) is an important characteristic. As mentioned above, most energy system models utilize target functions for minimizing costs, thus the result reveals a system configuration, which provides the required energy system service, utilizing as few monetary resources as possible. Under the assumption that the relation between efficiency and resilience stated for ecological and economic systems applies to energy systems as well, it can be argued that reducing diversity in energy systems due to efficiency goals reduces the resilience of energy systems.




3.4. Dealing with Complexity


Looking at a social-ecological systems, if well-managed, they can provide a stable output while the underlying system is dynamic, complex and adaptive. A condition is the availability of functional diversity, providing robustness to the process and, as a consequence, great resilience to the system behavior [63]. If energy systems are shaped in a way that they inherit more characteristics of resilience like response diversity, it can be assumed that the probability of staying in case of unexpected disturbances is higher. Response diversity means that the system components can perform functional redundancy, thus multiple components can perform the same function, and if these are different in size and scale, it is more likely that they react differently to disturbances [41]. This adaptive capacity increases the probability that, in the case of unexpected disturbance, a system reacts flexiblly, and maybe adapts, but keeps providing the same service.



In summary, existing energy systems demonstrate inertia and are unable to adapt, which is a signal of stability that is vulnerable to disturbances and inert to required changes. To cope with the challenges of climate change and so far unknown disturbances, adaptive resilient systems are required, providing stable energy services in the form of electricity, heat, and mobility. The aim of managing social-ecological systems is to receive system services while not undermining the complex system providing these. Resilience thinking can be understood as guiding principles to reach this goal. If we view energy systems as socio-techno-ecological systems, resilience thinking could help to shape and manage the transition to such energy systems. It can be understood as a supporting framework for guiding principles and does not reduce the relevance of different disciplines’ methods for research on energy system transitions.



Experience in resilience thinking has been summarized in a publication of the Stockholm Resilience Centre [41] (summary of [66]). It explains seven principles for applying resilience:

	
Maintain redundancy and diversity



	
Manage connectivity



	
Manage slow variables and feedback



	
Foster complex adaptive systems thinking



	
Encourage learning



	
Broaden participation



	
Promote polycentric governance systems








Some of these aspects of resilience thinking are emphasized across disciplines as important for energy systems: role of diversity [67,68], adaptability, interconnectedness, participation [24,69] and polycentric governance [2,69,70,71].





4. Applying Resilience Thinking to Energy Systems


4.1. Idea


The seven principles of resilience thinking are taken as a guideline for assessing the resilience of energy system transitions. In the following, resilience refers to the target energy system itself, the pathway to reach it, and the process to develop and manage scenario and pathway process. Simonsen et al. [41] relate resilience thinking to socio-ecological systems and their management. Accordingly, for the energy viewpoint, it refers to socio-technical-ecological energy systems, specifically target systems defined in scenario processes and the transition to them. As an energy system and its transition touches the human, the technical and the natural environment system, social, technical and ecological aspects are included. The assessment is subject to the assumption that resilience of the target energy system and its pathway to it is a desirable goal, as it enhances the change that the provided system service (energy service) is continuously provided also in the face of disturbance and change.




4.2. Usage


The procedure can give guidance for integrating the resilience perspective in energy system transition planning and management. Figure 1 schematically illustrates an energy system transition process based on backcasting. In contrast to forecasting, which is more explorative, backcasting in energy scenario studies determines a target energy system that fulfills a certain aim. The derived pathway that leads to the target energy system in the future shows how and to which extent the defined aim and derived target energy system in the future can be reached [6,72,73]. Resilience thinking aspects add value and broaden the picture on different stages and aspects on the process, which is illustrated by the white boxes in Figure 1.



The following outline of a procedure targets researchers who want to access such a process from a holistic perspective. It can also be useful for decision makers having to make pathway decisions under high uncertainty. High levels of uncertainty inhere in far-in-the-future-looking backcasting approaches. The resilience conceptual framework then helps to get a better foundation for decisions that should lead to the targeted system with a higher probability despite uncertainty and unexpected changes. Applying the procedure adds resilience aspects to the process, to design the process of scenario making and following the pathway in a way that a resilient outcome is more probable. Furthermore, respecting the aspects can facilitate adaptation during the transition pathway, to reach the initial aim of a sustainable energy system providing a continuous energy service despite changing circumstances.




4.3. Procedure


As illustrated in Figure 1, the seven principles of resilience thinking as named by [41] are applied for assessing the resilience of the target energy system, the pathway resilience and if the energy scenario process is designed in a way that a resilient outcome is probable.



If a chosen energy system transition process should be looked at following the procedure, it is recommended to first set soft boundaries (which can be later adapted during answering questions and parameters) by defining the focal system, main components, and the energy system service that should be continuously provided as well as the scenario development process including actors. The following questions derived from the resilience thinking aspects should be answered as a preparation for estimating the parameters listed in Table 1, Table 2 and Table 3.



Maintain Redundancy and Diversity



	
What are the main components (technical, social (governance, users, managers), ecological) of the system?



	
Which of these should be diverse and redundant?



	
Can these components perform functional redundancy, which means multiple components can perform the same function, providing the same service?



	
Can they perform response diversity? If they are different in size and scale, it is more likely that they react differently to disturbances.



	
Are there key components/functions with low redundancy?



	
For which components does diversity contradict/decrease efficiency?









Manage Connectivity



	
Which kind of (technical, social, ecological) connections are important in the system?



	
Does the level of connectivity of the important connections facilitate spread of disturbances?



	
Does the level of connectivity facilitate recover possibilities after disturbances?



	
Thus, which levels of connectivity are desired?



	
Which factors increase technical connectivity, which decrease technical connectivity?



	
Technical connectivity: Is the n-1 connectivity principle kept? The n-1 criteria means if one component breaks down, everything is still functioning.



	
Which factors increase connectivity between actors?









Manage Slow Variables and Feedback



	
Which are decisive slow variables in the system and which are the parameters changing these slow variables?



	
Are slow variables of socio-ecological systems which provide service as a resource base to the energy system, steadily changed? Could this result in irreversible degradation of the respective socio-ecological system, reducing the ability of the respective system to keep providing the required service or resource in the future?



	
Can the slow variables then be measured? How can they be monitored?



	
Which positive and negative feedback loops exist? Do they support the original aim of the energy target scenario?









Foster Complex Adaptive Systems Thinking



	
Which non-linearities exist in the energy system in transition? Are there warning signals of specified boundaries that should be seen as signals for early intervention to prevent deeper intervention?



	
Which intended or non-intended side effects could appear due to the measures realized to pursuit the chosen energy system pathway? Are there critical thresholds of connected socio-ecological system that should not be overstepped?



	
Which perspectives (technical, ecological, economical, social, local, national, international) are included in the scenario process, and which are not included yet?



	
Is a a multitude of perspectives acknowledged?



	
Which methods to expect and account for uncertainty are applied? How do these uncertainty influence the pathway measures?









Encourage Learning



	
How is improvement of the technical components encouraged in in the pathway process?



	
Is there room for experimentation to develop new technologies?



	
Is cross-scale learning possible?



	
Are there technical infrastructural decisions that have to be taken at an early stage? Is adaptation of a pathway necessary due to new findings/learning nevertheless possible?



	
Is adaptive co-management realized? Adaptive management is about testing out alternative approaches, adaptive co-management additionally focuses on knowledge sharing between different actors.



	
Which monitoring processes are implemented, and how do their outcomes result in adaptation of measures?



	
Is local and traditional knowledge integrated in the learning process?









Broaden Participation



	
Who participates?



	
Are all key actors/stakeholders involved? Which governance levels, and which interest groups are involved?



	
Who takes which role? What are the rules of participation? Are they clearly defined?



	
Which level of participation is necessary? Is this level reached?



	
Could the level of participation be reduced, saving time and resources while keeping the participation still broad enough to include all relevant actors?









Promote Polycentric Governance Systems



	
Which governance levels exist? Which governing bodies?



	
How are the responsibilities shared? Does the authority and responsibility distribution match each other?



	
Can the different governance levels communicate? How are they linked?



	
Can problems/unexpected disturbances be addressed by the right people at the right time?











5. Discussion


Facing a multitude of resilience understandings for energy systems, it is important to stress the long-term sense of it. Valuing resilience as an important characteristic of energy systems aims at a joint existence of energy- and social-ecological systems that exceeds the sometimes understood meaning of keeping function. The latter rather refers to stability. Energy systems are always to some extent dependent on resources from social-ecological systems. For a long time, an energy system can provide a stable service, keeping its function while steadily changing slow variables of the social-ecological systems providing the input. This gives an impression of stability, but slow variables can, in the long-run, bring the systems providing service for the energy systems out of balance. A resilient energy system would not bring the underlying socio-ecological systems out of balance. If it does, the system itself is not resilient. When the underlying systems stop providing service, the energy system itself loses balance. Thus, in the long-term sense of resilience, most of our current energy systems and subsystems are not resilient because they rely on resources that do not recover and substantially change social-ecological systems that provide the services they depend on.



Resilience thinking as such is not a method to define energy system pathways from a social, technical, economical or ecological point of view. It can provide a good framework to capture aspects that are usually worked on in different procedures, partly leading to competing solutions. Basic understanding is touched since it is not about controlling system components but helping to refine a mental model of systems that encourages change, variability and diversity.



When talking more concretely about how resilience of a sustainable energy system can be reached, it is helpful to not only look at a targeted energy system itself but to take the scenario process, pathway and derived measures to reach the targeted system into account. If the design of the scenario process is supporting broad participation, involving relevant stakeholder and social, technical, ecological perspectives, involving local knowledge, it has a higher probability that the derived energy target system is of higher resilience.



For following resilient pathways leading from the current state to a targeted energy system, monitoring and learning are important. A difficult question is infrastructural decisions, if they have to be taken at an early stage of following such a pathway. Some energy systems have decisive infrastructural requirements, like e.g., the electricity grid for power systems. Due to long investment cycles, the decision of which infrastructure to build has to be taken early in the process, which can hinder future adaptation to other system configurations. To keep options open, but still proceed in a direction, it is important to find and pursue “no-regret options”.



Learning and participation are important cornerstones of managing resilient socio-ecological systems. The whole complexity cannot be understood by one single mind. Knowledge gain for different characters is crucial for further learning, thus sharing knowledge openly is a cornerstone for a resilient process. When transferring this principle to the scenario and pathway process of energy system transformation, an important part of knowledge sharing as a basic condition for learning and participation is the open provision of data and tools for research on energy systems. If models utilized to access complex energy systems and data describing the system are openly available, conditions for learning and broader participation are improved. The upcoming trend of open data and open source in energy system research [74] supports scenario processes that are designed to meet these conditions.



Inputs and parameters that make an energy system itself resilient are diversity, redundancy and response diversity of the technical components. Furthermore, a level of connectivity that does not spread disturbances to a critical extent, but is connected enough to support recovery after disturbances, is helpful. Regional modularization, a diverse ownership structure and functional diversity are important for reorganization of energy systems after disturbances like natural disasters, price shocks or detection of previously unknown environmental problems. Additionally, a target energy system can only be resilient if it does not change its natural resource systems to an extent that change the slow variables of these to an extent that critical thresholds of the socio-ecological systems are met and cannot provide the service necessary for energy systems on the long run. This is also part of sustainability, but the resilience aspect of managing slow variables and feedback add the non-linearities of the underlying systems, which requires additional attention.



Another important insight that resilience thinking offers is the relativization of the efficiency target. Pursuing sustainable energy system often includes efficiency targets in the sense of cost and resource efficiency. Whereas efficiency is important to reduce resource consumption, at some points, it contradicts resilience as it is often attended reducing redundancy. If this really is a trade-off, or can be solved consistently, has to be carefully looked at.



When determining a sustainable target energy system and measures resulting in a pathway resulting in that target system, this is based on several assumptions and uncertainty. Furthermore, energy systems are complex, as they are embedded in social, ecological and technical interdependencies, which are difficult to survey completely. Thus, making decisions about measures to reach a certain aimed-at energy system has to be done under uncertainty to some extent. Complex adaptive systems thinking is necessary in managing socio-ecological systems because it expects and accounts for uncertainty. Becoming aware of knowledge gaps (in the sense of uncertainty about complex energy systems) in energy pathway definitions is a first step for choosing “no regret” options. Here, encouraging learning (trial and error, room for experimentation, keeping up progress) and fostering complex adaptive systems thinking are helpful principles to account for complexity and uncertainties.



Looking through the glasses of resilience will not lead directly to a quantified definition of the technical composition of future energy systems that are sustainable and resilient against disturbances. However, the procedure outlined above gives guidance for comparative resilience assessment of energy target scenarios and pathway resilience based on parameters.



The following research steps could include a refinement of the questions and parameters to energy systems of different scope (local, regional, national, international) and different sectors (mobility, heat, electricity). Resilience parameters, for example for the global freight system, differ from the ones of a village heating system or a national power system, although they follow the same foundation described in the paper.




6. Conclusions


The thoughts described above are another explorative step in interdisciplinary energy system research. Resilience thinking can help to lay foundations for a different mindset of a more holistic view on energy systems that is necessary for sustainable solutions. The multitudes of methods of different disciplines researching the energy system are important. However, resilience principles can be a good additional guiding principle for a pragmatic but complexity-accepting compromise between the challenging sustainability claim and the need for policy action under uncertainty. The main advantage of resilience thinking is that options are kept open and that it helps to avoid lock-ins. This is essential for complex energy system transitions that are mostly characterized by a complex network of social, technological and ecological matters. As a process of different connected matters, with many stakeholders, energy system transitions can also gain from complex adaptive systems thinking, as this approach suggests that one does not need to know all—and nobody alone needs to know all—but gives hints on how to shape the process to reach goals everybody agrees on now.



For an energy system transition, it is decisive to distinguish between resilience and stability and to find a practicable degree. The antagonism between efficiency and resilience points to the trade-off between efficiency (cost and resource) and diverse flexibility for energy systems. Being aware of this trade-off is decisive for sustainable energy transformation pathways.



Applying the seven principles (maintain diversity and redundancy, manage connectivity, foster complex adaptive systems thinking, manage slow variables and feedback, encourage learning, broaden participation, promote polycentric governance) of resilience thinking to energy system transformation processes is a good starting point for a more integrated, interdisciplinary view. This perspective can help with decisions on how pathways are designed, configured and managed to cope with variations and disturbances. If resilience is high, continuing to exist in a changing world is more probable.







Acknowledgments


The Europa-Universität Flensburg will cover the APC of the article.




Conflicts of Interest


The author declares no conflict of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Conference of the Parties (COP). Adoption of the Paris Agreement. Available online: https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf (accessed on 31 March 2016).

	



Goldthau, A.; Sovacool, B.K. The uniqueness of the energy security, justice, and governance problem. Energy Policy 2011, 41, 232–240. [Google Scholar] [CrossRef]

	



Sovacool, B.K. What are we doing here? Analyzing fifteen years of energy scholarship and proposing a social science research agenda. Energy Res. Soc. Sci. 2014, 1, 1–29. [Google Scholar] [CrossRef]

	



Folke, C.; Hammer, M.; Costanza, R.; Jansson, A. Investing in natural capital—Why, what, and how? In Investing in Natural Capital: The Ecological Economics Approach to Sustainability; Island Press: Washington, DC, USA, 1994. [Google Scholar]

	



Brand, F. Ecological Resilience and Its Relevance within a Theory of Sustainable Development. UFZ-Report 03/2005. Available online: https://www.econstor.eu/bitstream/10419/57854/1/699900948.pdf (accessed on 27 September 2016).

	



Dieckhoff, C. Modellierte Zukunft Energieszenarien in der wissenschaftlichen Politikberatung (Modelled Future Energy Scenarios in Scientific Policy Advice); Number ISBN 978-3-8376-3097-8 in Science Studies; Transcript Verlag: Bielefeld, Germany, 2015; p. 284. [Google Scholar]

	



Jefferson, M. Closing the gap between energy research and modelling, the social sciences, and modern realities. Energy Res. Soc. Sci. 2014, 4, 42–52. [Google Scholar] [CrossRef]

	



Pfenninger, S.; Hawkes, A.; Keirstead, J. Energy systems modeling for twenty-first century energy challenges. Renew. Sustain. Energy Rev. 2014, 33, 74–86. [Google Scholar] [CrossRef]

	



Craig, P.P.; Gadgil, A.; Koomey, J.G. What can history teach us? A Retrospective Examination of Long-Term Energy Forecasts for. Annu. Rev. Energy Environ. 2002, 27, 83–118. [Google Scholar] [CrossRef]

	



Hohmeyer, O.H.; Bohm, S. Trends toward 100% renewable electricity supply in Germany and Europe: A paradigm shift in energy policies. Wiley Interdisciplin. Rev. Energy Environ. 2015, 4, 74–97. [Google Scholar] [CrossRef]

	



Hunter, K.; Sreepathi, S.; DeCarolis, J.F. Modeling for Insight using Tools for Energy Model Optimization and Analysis (Temoa). Energy Econ. 2013, 40, 339–349. [Google Scholar] [CrossRef]

	



Nijs, W.; Politis, S.; Castello, P.R.; Sgobbi, A.; Thiel, C.; Zappon, F.; Zucker, A. Supporting the Deployment of Selected Low-Carbon Technologies in Europe. Implications of Techno-Economic Assumptions. An Energy System Perspective with the JRC-EU-TIMES Model; EUR 27608 EN; Publication Office of the European Union: European Union, 2015; Available online: http://publications.jrc.ec.europa.eu/repository/handle/JRC99082 (accessed on 7 June 2016).

	



Yeh, S.; Rubin, E.S. A review of uncertainties in technology experience curves. Energy Econ. 2012, 34, 762–771. [Google Scholar] [CrossRef]

	



Roege, P.E.; Collier, Z.A.; Mancillas, J.; McDonagh, J.A.; Linkov, I. Metrics for energy resilience. Energy Policy 2014, 72, 249–256. [Google Scholar] [CrossRef]

	



Redman, C. Should sustainability and resilience be combined or remain distinct pursuits? Ecol. Soc. 2014, 19, 37. [Google Scholar] [CrossRef]

	



Brown, K. Resilience, Development and Global Change; Routledge: London, UK, 2015. [Google Scholar]

	



Xu, L.; Marinova, D. Resilience thinking: A bibliometric analysis of socio-ecological research. Scientometrics 2013, 96, 911–927. [Google Scholar] [CrossRef]

	



Baggio, J.; Brown, K.; Hellebrandt, D. Boundary object or bridging concept? A citation network analysis of resilience. Ecol. Soc. 2015, 20, 2. [Google Scholar] [CrossRef]

	



Folke, C.; Jansson, A.; Rockström, J.; Olsson, P.; Carpenter, S.R.; Chapin, F.S.; Crépin, A.S.; Daily, G.; Danell, K.; Ebbesson, J.; et al. Reconnecting to the Biosphere. AMBIO 2011, 40, 719. [Google Scholar] [CrossRef] [PubMed]

	



Towards an Integrated Strategic Energy Technology (SET) Plan: Accelerating the European Energy System Transformation. Available online: https://ec.europa.eu/energy/sites/ener/files/documents/1_EN_ACT_part1_v8_0.pdf (accessed on 6 August 2016).

	



Schmid, E.; Pahle, M.; Knopf, B. Renewable electricity generation in Germany: A meta-analysis of mitigation scenarios. Energy Policy 2013, 61, 1151–1163. [Google Scholar] [CrossRef]

	



Schubert, D.K.J.; Thuß, S.; Möst, D. Does political and social feasibility matter in energy scenarios? Energy Res. Soc. Sci. 2015, 7, 43–54. [Google Scholar] [CrossRef]

	



Hohmeyer, O. Social Costs of Energy Consumption; Springer: Berlin, Germany, 1988. [Google Scholar]

	



Krewitt, W. External costs of energy—Do the answers match the questions? Looking back at 10 years of ExternE. Energy Policy 2002, 30, 839–848. [Google Scholar] [CrossRef]

	



Hohmeyer, O. Die Abschätzung der Kosten des anthropogenen Treibhauseffekts—Dominieren normative Setzungen die Ergebnisse (Cost estimations of the anthropogenic greenhouse effect—Do normative stipulations determine the results?). Q. J. Econ. Res. 2005, 74, 164–168. [Google Scholar]

	



Tol, R.; Downing, T. The Marginal Costs of Climate Changing Emissions; Internal Report, IVM Report, No. D-00/08; Instituut voor Milieuvraagstukken: Amsterdam, The Netherlands, 2000; Available online: https://core.ac.uk/download/files/573/15449600.pdf (accessed on 12 June 2016).

	



Stirling, A. Limits to the value of external costs. Energy Policy 1997, 25, 517–540. [Google Scholar] [CrossRef]

	



Hodbod, J.; Adger, W.N. Integrating social-ecological dynamics and resilience into energy systems research. Energy Res. Soc. Sci. 2014, 1, 226–231. [Google Scholar] [CrossRef]

	



Begic, F.; Afgan, N. Sustainability assessment tool for the decision making in selection of energy system—Bosnian case. Energy 2007, 32, 1979–1985. [Google Scholar] [CrossRef]

	



Burton, J.; Hubacek, K. Is small beautiful? A multi-criteria assessment of small-scale energy technology applications in local governments. Energy Policy 2007, 35, 6402–6412. [Google Scholar] [CrossRef]

	



Cartelle Barros, J.J.; Coira, M.L.; de la Cruz López, M.P.; del Canno Gochi, A. Assessing the global sustainability of different electricity generation systems. Energy 2015, 89, 473–489. [Google Scholar] [CrossRef]

	



Kaya, T.; Kahraman, C. Multicriteria renewable energy planning using an integrated fuzzy VIKOR & AHP methodology: The case of Istanbul. Energy 2010, 35, 2517–2527. [Google Scholar]

	



Mayer, A.L. Strengths and weaknesses of common sustainability indices for multidimensional systems. Environ. Int. 2008, 34, 277–291. [Google Scholar] [CrossRef] [PubMed]

	



Goodman, M. Systems Thinking as a Language. Available online: http://www.appliedsystemsthinking.com/supporting_documents/IntroLanguage.pdf (accessed on 26 September 2016).

	



Wieczorek, A.; Hekkert, M. Systemic instruments for systemic innovation problems: A framework for policy makers and innovation scholars. Sci. Public Policy 2012, 39, 74–87. [Google Scholar] [CrossRef]

	



Hoppmann, J.; Huenteler, J.; Girod, B. Compulsive policy-making—The evolution of the German feed-in tariff system for solar photovoltaic power. Res. Policy 2014, 43, 1422–1441. [Google Scholar] [CrossRef]

	



Smith, A.; Stirling, A. The politics of social-ecological resilience and sustainable socio-technical transitions. Ecol. Soc. 2010, 15, 11. Available online: http://www.ecologyandsociety.org/vol15/iss1/art11/ (accessed on 26 September 2016). [Google Scholar]

	



Trist, E. The evolution of sociotechnical systems as a conceptual framework and as an action research program. In Perspectives on Organization Design and Behaviour; Wiley: New York, NY, USA, 1981; pp. 19–75. [Google Scholar]

	



Geels, F.W. From sectoral systems of innovation to socio-technical systems. Insights about dynamics and change from sociology and institutional theory. Res. Policy 2004, 33, 897–920. [Google Scholar] [CrossRef]

	



Geels, F.W. The multi-level perspective on sustainability transitions: Responses to seven criticisms. Environ. Innov. Soc. Transit. 2011, 1, 24–40. [Google Scholar] [CrossRef]

	



Simonsen, S.H.; Biggs, R.O.; Schlüter, M.; Schoon, M.; Bohensky, E.; Cundill, G.; Dakos, V.; Daw, T.; Kotschy, K.; Leitch, A.; et al. Applying Resilience Thinking: Seven Principles for Building Resilience in Social-Ecological Systems; Stockholm Resilience Centre: Stockholm, Sweden, 2015; Available online: http://www.stockholmresilience.org/download/18.10119fc11455d3c557d6928/1459560241272/SRC+Applying+Resilience+final.pdf (accessed on 30 March 2016).

	



Folke, C.; Hahn, T.; Olsson, P.; Norberg, J. Adaptive governance of social-ecological systems. Annu. Rev. Environ. Resour. 2005, 30, 441–473. [Google Scholar] [CrossRef]

	



Foxon, T.; Reed, M.; Stringer, L. Governing long-term social-ecological change: What can the resilience and transitions approaches learn from each other? Environ. Policy Gov. 2009, 19, 3–20. [Google Scholar] [CrossRef]

	



Davis, C.; Nikolic, I.; Dijkema, G.P. Industrial Ecology 2.0. J. Ind. Ecol. 2010, 14, 707–726. [Google Scholar] [CrossRef]

	



Werner, E.E. The children of Kauai: Resiliency and recovery in adolescence and adulthood. J. Adolesc. Health 1992, 13, 262–268. [Google Scholar] [CrossRef]

	



Scharte, B.; Hiller, D.; Leismann, T.; Thoma, K. Einleitung (Introduction) in Resilien-Tech. Resilience-by-Design: Strategie für die Technologischen Zukunftsthemen (Strategy for Technological Future Topics). Acatec-Studie April 2014. Available online: http://www.acatech.de/fileadmin/user_upload/Baumstruktur_nach_Website/Acatech/root/de/Publikationen/Stellungnahmen/acatech_STUDIE_RT_WEB.pdf (accessed on 29 March 2016).

	



Holling, C. Resilience and stability of ecological systems. Annu. Rev. Ecol. Syst. 1973, 4, 1–23. [Google Scholar] [CrossRef]

	



Adger, W. Social and ecological resilience: Are they related? Prog. Hum. Geogr. 2000, 24, 347–364. [Google Scholar] [CrossRef]

	



Trivedi, K.S.; Kim, D.S.; Ghosh, R. Resilience in Computer Systems and Networks. In Proceedings of the 2009 International Conference on Computer-Aided Design (ICCAD ’09), San Jose, CA, USA, 2–5 November 2009; ACM: New York, NY, USA, 2009; pp. 74–77. [Google Scholar]

	



Ercal, G.; Matta, J. Complex Adaptive Systems Resilience Notions for Scale-free Networks. Procedia Comput. Sci. 2013, 20, 510–515. [Google Scholar] [CrossRef]

	



Brown, K. Global environmental change: A social turn for resilience? Prog. Hum. Geogr. 2014, 38, 107–117. [Google Scholar] [CrossRef][Green Version]

	



Hughes, L. The effects of event occurrence and duration on resilience and adaptation in energy systems. Energy 2015, 84, 443–454. [Google Scholar] [CrossRef]

	



Gao, J.; Liu, X.; Li, D.; Havlin, S. Recent Progress on the Resilience of Complex Networks. Energies 2015, 8, 12187–12210. [Google Scholar] [CrossRef]

	



Kwasinski, A. Quantitative Model and Metrics of Electrical Grids’ Resilience Evaluated at a Power Distribution Level. Energies 2016, 9, 93. [Google Scholar] [CrossRef]

	



Cuadra, L.; Salcedo-Sanz, S.; Ser, J.D.; Jiménez-Fernández, S.; Geem, Z.W. A Critical Review of Robustness in Power Grids Using Complex Networks Concepts. Energies 2015, 8, 9211–9265. [Google Scholar] [CrossRef][Green Version]

	



Gnansounou, E. Assessing the energy vulnerability: Case of industrialised countries. Energy Policy 2008, 36, 3734–3744. [Google Scholar] [CrossRef]

	



He, P.; Ng, T.S.; Su, B. Energy import resilience with input–output linear programming models. Energy Econ. 2015, 50, 215–226. [Google Scholar] [CrossRef]

	



Chuang, M.C.; Ma, H.W. Energy security and improvements in the function of diversity indices—Taiwan energy supply structure case study. Renew. Sustain. Energy Rev. 2013, 24, 9–20. [Google Scholar] [CrossRef]

	



Ghanem, D.A.; Mander, S.; Gough, C. “I think we need to get a better generator”: Household resilience to disruption to power supply during storm events. Energy Policy 2016, 92, 171–180. [Google Scholar] [CrossRef]

	



European Commission. A Framework Strategy for a Resilient Energy Union with a Forward-Looking Climate Change Policy. Brussels, 25.02.2015, COM(2015)80. Available online: http://eur-lex.europa.eu/resource.html?uri=cellar:1bd46c90-bdd4-11e4-bbe1-01aa75ed71a1.0001.03/DOC_1&format=PDF (accessed on 13 June 2016).

	



Estimating Infrastructure Requirements for a Near 100% Renewable Electricity Scenario in 2050. Leonardo Energy Report October 2015, Prepared by Creara. Available online: http://www.leonardo-energy.org/sites/leonardo-energy/files/eue-eu100pcresscenariopublicfinal.pdf (accessed on 12 June 2016).

	



Molyneaux, L.; Wagner, L.; Froome, C.; Foster, J. Resilience and electricity systems: A comparative analysis. Energy Policy 2012, 47, 188–201. [Google Scholar] [CrossRef]

	



Holling, C. Engineering Within Ecological Constraints. In Engineering Within Ecological Constraints; National Academic Press: Washington, DC, USA, 1996; pp. 31–44. [Google Scholar]

	



Resilience Alliance. Assessing Resilience in Social-Ecological Systems: Workbook for Pracitioners, Version 2.0. Available online: http://www.resalliance.org/files/ResilienceAssessmentV2_2.pdf (accessed on 8 April 2016).

	



Lietaer, B.; Ulanowicz, R.E.; Goerner, S.J.; McLaren, N. Is our monetary structure a systemic cause for financial instability? Evidence and remedies from nature. J. Futures Stud. 2010, 14, 89–108. [Google Scholar]

	



Folke, C.; Biggs, R.O.; Schlüter, M.; Schoon, M.L.; Robards, M.D.; Brown, K.; Engle, N.; Meek, C.L.; Kotschy, K.; Daw, T.; et al. Principles for Building Resilience. Sustaining Ecosystem Services in Social-Ecological Systems; Cambridge University Press: Cambridge, UK, 2015. [Google Scholar]

	



Stirling, A. Multicriteria diversity analysis: A novel heuristic framework for appraising energy portfolios. Energy Policy 2010, 38, 1622–1634. [Google Scholar] [CrossRef]

	



Cooke, H.; Keppo, I.; Wolf, S. Diversity in theory and practice: A review with application to the evolution of renewable energy generation in the UK. Energy Policy 2013, 61, 88–95. [Google Scholar] [CrossRef]

	



Sovacool, B.K. An international comparison of four polycentric approaches to climate and energy governance. Energy Policy 2011, 39, 3832–3844. [Google Scholar] [CrossRef]

	



Goldthau, A. Rethinking the governance of energy infrastructure: Scale, decentralization and polycentrism. Energy Res. Soc. Sci. 2014, 1, 134–140. [Google Scholar] [CrossRef]

	



Ostrom, E. A Polycentric Approach for Coping with Climate Change. Ann. Econ. Financ. 2014, 15, 97–134. [Google Scholar]

	



Berkhout, F.; Hertin, J.; Jordan, A. Socio-economic futures in climate change impact assessment: Using scenarios as “learning machines”. Glob. Environ. Chang. 2002, 12, 83–95. [Google Scholar] [CrossRef]

	



Börjeson, L.; Höjer, M.; Dreborg, K.H.; Ekvall, T.; Finnveden, G. Scenario types and techniques: Towards a user’s guide. Futures 2006, 38, 723–739. [Google Scholar] [CrossRef]

	



Opemod Initiative. Open Energy Modelling Initiative: Open Models. 2016. Available online: http://wiki.openmod-initiative.org/wiki/Open_Models (accessed on 24 June 2016).








[image: Resources 05 00030 g001 550] 





Figure 1. Energy system transition process (gray boxes on the left) based on backcasting and possible supporting resilience thinking principles (white boxes on the right) at different parts of the process. 
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Table 1. Target energy system resilience. Parameter derived from the following resilience thinking aspects: Maintain diversity and redundancy, Manage connectivity and Manage slow variables and feedback.
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Parameter

	
Type

	
State or Trend If...

	
..Effect on Resilience of Target Energy System






	
Supply technologies

	
number

	
high

	
increase




	
Energy sources

	
number

	
high

	
increase




	
Response diversity

	
boolean

	
present

	
increase




	
n-1 technical connectivity

	
boolean

	
present

	
increase




	
Suitability of actor communication channels

	
boolean

	
present

	
increase




	
Degradation of resilience of resource systems

	
number or boolean

	
high or present

	
decrease
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Table 2. Energy pathway resilience. Parameter derived from the following resilience thinking aspects: Manage slow variables and feedback, Foster complex adaptive systems thinking and Encourage learning.
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Parameter

	
Type

	
State or Trend If...

	
..Effect on Pathway Resilience






	
Existence of positive feedback loops supporting the aim

	
boolean

	
present

	
incrase




	
Potential of the system for acquiring complexity in terms of numerosity (e.g., number of relevant actor networks)

	
number

	
high

	
increase




	
R&D activities in energy technology

	
number

	
high

	
increase




	
Monitoring in place

	
boolean

	
present

	
increase




	
Coverage of main indicators by monitoring

	
percentage

	
high

	
increase




	
Types of knowledge considered

	
number

	
high

	
increase




	
Methods account for uncertainty

	
boolean

	
present

	
increase
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Table 3. Scenario process resilience. Indicators derived from the following resilience thinking aspects: Foster complex adaptive systems thinking, Broaden participation and Promote polycentric governance.
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Indicator

	
Type

	
State or Trend If...

	
..Effect on Probability of a Resilient Outcome






	
Perspectives acknowledged

	
number

	
high

	
increase




	
Diversity of involved actors

	
number

	
high

	
increase




	
Disciplines involved

	
number

	
high

	
increase




	
Relevant stakeholder involved

	
percentage

	
high

	
increase




	
Authority-responsibility correlation

	
correlation

	
high

	
increase




	
Clear participation rules

	
boolean

	
present

	
increase




	
Governing bodies-components

	
correlation

	
high

	
increase










© 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  resources-05-00030


  
    		
      resources-05-00030
    


  




  





media/file1.png
-» Transition to sustainable energy system
-» Continous energy system service

Broaden partrcrpatron]
Promote polycentric governance}
Foster complex adaptive systems thrnkrng]

Scenano
Development

Maintain diversity and redundancy}
Manage connectrvrty}
Manage slow variables and feedback}

Target
energy system

DeveIopment
Of measures

Manage slow variables and feedback]
Foster complex adaptive systems thinking}
Encourage learning

Applrcatron
Of measures

Pathway

S
o
B
[ Ssr.trzr }
T
K
ey






media/file0.jpg
Aim

Y
Scenario
Development

A

Target
energy system

\J

Pathway
Definition

Y

Development
Of measures

\J

Application
Of measures

b §
Pathway

» Transition to sustainable energy system
» Continous energy system service

Broaden participation
Promote polycentric governance
Foster complex adaptive systems thinking

Maintain diversity and redundancy
Manage connectivity
Manage slow variables and feedback

Manage slow variables and feedback
Foster complex adaptive systems thinking
Encourage learning





